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SECTION 1 

INTRODUCTION 

This volume presents engine emissions particulate results obtained through 

conventional EPA Method 5 sampling protocol as well as a custom Method 5 sampling 

methodology. This volume outlines the theory involved in method development, the 

site-specific sampling methodologies, emission results for particulate matter, and a 

discussion of the emission results. Section 5 of this volume compares the custom 

Method 5 procedures to other sampling methodologies and presents the particulate 

matter results. 

Due to unique exhaust configurations at select facilities, a source-specific 

sampling methodology was developed that was economical and representative. Each 

of these various engine types and facilities presented a unique challenge to the 

accurate measurement of particulate emission rates. Numerous constraints and 

unknown parameters presented themselves in this program that are not associated with 

more traditional emissions testing programs. These variables were difficult to anticipate 

because of the inability to measure outlet exhaust parameters at some of the facilities, 

such as flowrates, temperature, and dilution by ambient air in the exhaust gas stream. 

The test program was designed to allow for those variables so that representative data 

could be collected in a timely and economic manner. 

1.1  ENGINE EMISSION TESTING CONSIDERATIONS/COMPLICATIONS 

The unique feature in the determination of the emissions from the test facilities is 

that the exhaust stream is significantly diluted with ambient air. The sampling locations 

for four of the engine tests were contained in a single accessible exhaust duct, and 
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conventional test methods were used to determine the mass emission rates at those 

locations. These facilities were the APU test cell at Kelly AFB, Test Cell 14 at Corpus 

Christi Army Depot, and the test cell at the Naval Aviation Depot, Cherry Point (these 

results are also presented and discussed in Volume 2). The physical structure of the 

sampling locations at the other seven facilities required the use of innovative techniques 

for the determination of volumetric flow during the test program. This section discusses 

those innovative techniques. 

The impact of large and/or fluctuating quantities of ambient air in the exhaust of 

turbine engines required modifications of the sampling and calculation methods used to 

determine emissions. The SAE Aerospace Information Report 1533 "Procedure for the 

Calculation of Basic Emission Parameters for Aircraft Turbine Engines," which was used 

historically, applies a mass balance to the combustion equation to determine the mass 

emission rate for priority pollutants with the explicit measurement of a volumetric 

flowrate. This approach was not practical for this test program since a significant 

portion of the test effort was directed at measuring trace hazardous compounds. The 

formation of trace compounds cannot be predicted by the combustion equation used in 

the SAE procedure. It was necessary to develop a technique to measure the total 

volumetric flowrate from the test facilities. Several methods were evaluated to 

determine the exhaust flowrate. 

A carbon balance was calculated using fuel firing data, emission concentrations 

of CO, C02, and total hydrocarbons, and ambient measurements of C02 and total 

hydrocarbons. This approach closely resembles the SAE method, but the calculation 

was modified to produce a volumetric flowrate that could be used for mass emission 

calculations. A comparison of these methods is provided in Section 4.3 of Volume 2. 

A tracer gas study was conducted that released a small quantity of sulfur 

hexafluoride into the engine exhaust stream, and measured the minute concentrations 

of SF6 at the sampling location. The dilution of the tracer gas by the emission stream 

was calculated, and the total volumetric flowrate was determined. 
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A traditional emission testing F-factor combustion equation based on fuel 

composition and oxygen content of the emission stream was employed to calculate the 

flowrate. Each method was evaluated for each sampling run, and the most 

representative flow was selected. 

1.2 EMISSION SAMPLING APPROACH 

Emissions testing was performed on a series of engines at various power 

settings. Aircraft engines were tested at actual flight settings that varied between three 

and five, depending on the engine type. The engine conditions for emissions sampling 

are provided below: 

Idle 
0 Approach 
0 Intermediate 

Military 
0 Afterburner (Between Zone 1 and Zone 3). 

Emissions testing was comprised of three 1-hour emissions tests for each 

pollutant at each power setting for each engine. Certain engines could not be operated 

continuously at maximum power (military, afterburner) because engine and/or test cell 

damage may have occurred. Sample run times in these operative modes were reduced 

to the "safe" operating duration. EQ adjusted the sample collection procedures to 

accommodate the reduced operating time. In order to reach the analytical detection 

limit for the target pollutants, EQ paused the sample run at the end of the safe operating 

period, waited to allow the engine to cool, then resumed sampling for the next operating 

period until the 1-hour sample run was completed. In the case of the F117-PW-100 

engine, the engine could not be operated at the military setting for the necessary 

duration. No emissions data was collected for this setting. 

Ambient air sampling was conducted only during emissions testing. Ambient 

samples were composited for each of the three 1-hour test runs at that power setting. 
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The test program was structured in such a manner that the first series of engine 

tests at Kelly AFB was used to provide the necessary information to assess the 

sampling program for the remaining engines. Based on the results of these tests, the 

program was modified by considering an additional particulate matter sampling method 

(hi-volume sampler) at the engine exhaust stream. This was done in an effort to collect 

a measurable amount of particulate in case the custom Method 5 sample had zero or 

negative filter weight. 

1.2.1 Pretest Measurements 

Preliminary test data was obtained at the engine exhaust locations during 10- 

minute shakedown runs at each engine setting. Stack geometry measurements were 

obtained and recorded. A preliminary velocity measurement was performed at each 

exhaust stack where sampling took place. A calibrated S-type pitot tube and a Dwyer 

inclined manometer were used for these measurements. Flue gas temperatures were 

observed with a calibrated direct readout pyrometer equipped with a chromel-alumel 

thermocouple. Water vapor content was measured using EPA Method 4. 

A check for the presence or absence of cyclonic flow was conducted at each test 

location. The cyclonic flow checks were less than 20°, thus verifying the suitability of each 

test site for obtaining representative samples. 

Preliminary test data was used for nozzle sizing and sampling rate determinations. 

Probe nozzles, pitot tubes, metering systems, and temperature measurement devices 

were calibrated as specified in Section 5 of EPA Method 5 test procedures. 

1.2.2 Emission Test Methods 

Particulate matter sampling was performed using a custom Method 5 approach. 

The pollutants and sampling/analytical methods described below were sampled for to 

determine flowrate and particulate loading: 
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°        Filterable and condensable paniculate (EPA Methods 5 and 202). 
° Oxygen and carbon dioxide (EPA Method 3A). 
°        Carbon monoxide (EPA Method 10). 

Total hydrocarbons (THCs) (EPA Method 25A). 

1.2.3 Flowrate Measurement 

As stated previously, standard flowrate measurements (EPA Methods 1-4) could 

be performed at only three of the test locations. These facilities were the APU test cell 

at Kelly AFB, Test Cell 14 at Corpus Christi Army Depot, and the test cell at the Naval 

Aviation Depot, Cherry Point. 

Traditional isokinetic sampling methodologies could not be employed due to the 

physical structure of Test Cells 54A and 58 at Kelly AFB, Test Cell 18 at Laughlin AFB, 

Test Cell 9 at Tinker AFB, the test cell at Charleston AFB, Test Cells 2 and 4 at 

Edwards AFB, and the hush house at Barnes ANGB. Some of the engine test cells 

contained as many as 56 separate stacks, and it was not economical nor practical to 

sample each stack. Based on these complications, several mass balance approaches 

were employed to determine total flowrate. These methods were tracer gas dilution 

rates, carbon balance, and F-factor calculations. A summary of the exhaust flow 

determination method used at each site is summarized in Table 1-1. The multiple flow 

measurement/calculation methods were used to provide a firm basis for identifying and 

rejecting outlier data. The flow data collected by any one method at a given condition 

was compared against the alternate measurement data collected at that same 

condition, as well as the flow data collected by all methods for the same engine/test cell 

configuration at different operating conditions. Engine operating level is directly related 

to total flow, and all flow measurement methods provide valid data at one or more 

operating conditions. The data evaluation identified which measurement deviates from 

that relationship, and whether that deviation can be attributed to a physical parameter 

such as temperature, oxygen concentration, etc. If the deviation was predicted (e.g., 

high oxygen concentration impact on F-factor calculation), that data was discarded. 
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Table 1-1. Site-Specific Exhaust Flow Determination Summary 

Engine Test Location Engine Flow Determination Method 
Kelly AFB T56-A-7 Calculated by carbon balance, tracer gas and F- 

f actor.' 
TF39-GE-1C Calculated by carbon balance, tracer gas and F- 

factor' 

GTCP85-180 Measured using EPA Methods 1-4 
GTCP-165-1 Measured using EPA Methods 1-4 

Corpus Christi Army Depot T700-GE-700 Measured using EPA Methods 1-4 
Laughlin AFB J69-T-25 Calculated by carbon balance, tracer gas and F- 

factor1 

J85-GE-5A Calculated by carbon balance, tracer gas and F- 
tactor1 

Tinker AFB F110-GE-100 Calculated by carbon balance, tracer gas and F- 
factor1 

F108-CF-100 Calculated by carbon balance, tracer gas and F- 
tactor' 

TF33-P-7/7A Calculated by carbon balance, tracer gas and F- 
tactor1 

F101-GE-102 Calculated by carbon balance, tracer gas and F- 
factor' 

TF33-P-102 Calculated by carbon balance, tracer gas and F- 
factor1 

Charleston AFB F117-PW-100 Calculated by carbon balance, tracer gas and F- 
factor' 

Edwards AFB F118-GE-100 Calculated by carbon balance, tracer gas and F- 
factor1 

F404-GE-F102/400 Calculated by carbon balance, tracer gas and F- 
factor' 

F110-GE-129 Calculated by carbon balance, tracer gas and F- 
factor1 

F100-PW-100 Calculated by carbon balance, tracer gas and F- 
factor1 

F100-PW-229 Calculated by carbon balance, tracer gas and F- 
factor' 

Naval Aviation Depot, Cherry 
Point, NC 

T64-GE-100 Measured using EPA Methods 1-4 

Barnes ANGB TF34-GE-100A Calculated by carbon balance, tracer gas and F- 
factor1 

1 The exhaust flow was calculated by these three methods and the most representative method 
was selected to determine the exhaust flowrate. 
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If there was no obvious physical explanation, best-fit estimates at other loads were used 

to identify and reject the outlier. This evaluation showed that the F-factor mass balance 

calculation which relied on oxygen concentration dilution factors was unreliable due to 

the near ambient oxygen concentrations present in most exhaust streams. These items 

are discussed in more detail in Section 4. 

As an additional verification of outlet flows, anemometers were used to measure 

inlet flowrates. Up to 12 hot-wire anemometers (mass flow meters) were attached to 

the inlet locations of the test cells. The hot-wire outputs terminated at a data logger, 

where data was measured once per second and recorded as 1-minute averages during 

each test run. The flow data then was used to calculate inlet flowrates. EPA Method 1 

was used to determine the placement of the hot-wire anemometers. Due to potential 

interference caused by the extreme turbulence at the test locations, the hot-wire 

anemometer data did not correlate with outlet flows. The data was rejected as suspect 

and not included in this report. 

As part of the theoretical flow determination method using carbon balance and F- 

factors, the inlet concentration for select compounds was measured. At the inlet to 

each test cell/hush house, THC was measured using a hydrocarbon analyzer identical 

to the one that measured engine exhaust gas THC. The THC analyzer was challenged 

with a zero and span gas at the beginning and end of each test condition to calibrate 

and assess the instrument's calibration. An inlet carbon dioxide (C02) measurement 

was required as input to the theoretical flow model. An ambient C02 monitor was used 

to measure the inlet C02 concentration during each test run. The C02 monitor was 

challenged with a zero and span gas at the beginning and end of each test condition to 

calibrate and assess the instrument's calibration. 

1.2.4 Pollutant Distribution At The Outlet Of The Test Cells 

The test program was based on the assumption that by the time the exhaust gas 

exits the test cell, the exhaust stream from the engine and the dilution air have reached 
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a homogeneous mixture. This assumption was validated during testing conducted for 

this delivery order. 

Particulate size distribution in the engine exhaust has been shown to be 

significantly less than 10 microns (|im) in size (Characterization of Chemicals on Engine 

Exhaust Particles: F101 and F110 Engines, ESL-TR-89-20, Air Force Engineering and 

Services Center Engineering and Services Laboratory and Source Sampling and 

Testing of Aerospace Equipment and Jet Engines - Test Protocol - Edwards AFB, CA, 

EQ December 1995). Because of the size of the particles, it was assumed that the 

particles would behave as an aerosol or gas, and that pollutants will be distributed 

evenly throughout each of the test cell stacks. Since it was assumed that all particulate 

(and those contaminants bound to the particulate) will behave as an aerosol, each stack 

or any point in the stack will have the same concentration of pollutants. This 

assumption was used as the basis to conduct single-point isokinetic sampling on only 

one stack or one point in the stack that is representative of all other stacks or points in a 

given test cell. 

Although it was assumed that pollutant concentrations in the stack would be 

homogeneous, the assumption was verified by using tracer gas at facilities where the 

exhaust was not emitted through a single stack. The tracer gas, sulfur hexafluoride 

(SF6), was dispersed into the exhaust gas stream and measured at the outlet. Based on 

the turbulent flow of the exhaust and the passage of the exhaust gases through the 

blast room, the SF6 was dispersed equally in the exhaust. A random number of stacks 

were sampled at various engine settings to test that the tracer gas was dispersed 

equally. The results of the tracer gas dispersion are provided in Section 5 of Volume 2. 

1.2.5 Tracer Gas Methodology 

Tracer gas was used at Kelly AFB, Laughlin AFB, Tinker AFB, Edwards AFB, 

and Barnes ANGB where exhaust flow could not be measured using standard EPA 

methods. The amount of dilution that had occurred was determined by inputting a 

P:\3000\3114\3114-08B\FinalReport\Post6octcommentsWolume3\SECTION1.DOC 



Test Report 
Volume: 3 
Section: 1.0 
Revision: 2 
Date: November 1998 
Page: 9 of 13 

known amount of tracer gas into the exhaust stream and measuring a concentration at 

the outlet. The dilution rate was then used to calculate exhaust flowrates. Section 3 of 

Volume 2 details those calculations. 

The tracer gas release points within the augmenter tube were also monitored for 

temperature. It was important to monitor for temperature since SF6 is stable up to 500° 

F before it begins to degrade. The tracer gas injection apparatus included 

thermocouples to determine temperatures at the injection point. The 500° F threshold 

was very conservative, because SF6 will not decompose until 932° F. However, EQ 

intended to maintain the conservative threshold as the point where the tracer method 

must be more seriously examined due to the more extreme conditions present in the 

test cell. During test cell operation, the temperature in the augmenter tube at the tracer 

release points did not exceed 500° F in a nonafterburner power setting. Temperature 

measurements were not collected when the tracer gas release points were placed on 

the outside edge of the augmenter tube. The tracer gas was released opposite the flow 

to prevent the exhaust gas pressure from impacting the opening in the tracer gas 

manifold and possibly affecting tracer gas distribution. Tracer gas was introduced into 

the release manifold through a mass flow controller calibrated to SF6. It then flowed into 

adjustable flow meters which regulated equal amounts of tracer gas into each of the 

tracer release steel tubes. Temperature was measured using a Type K thermocouple 

and recorded by a data logger. 

1.3 POLLUTANT BACKGROUND CONCENTRATIONS 

The procedures found in 40 CFR, Part 60, Appendix B were used to perform 

ambient air sampling for particulate matter inside the test cells. The ambient air 

sampling was conducted in conjunction with emissions testing to quantify and qualify 

background emissions concentrations. 
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Table 1-2 provides a comparison of emissions test method detection limits, 

ambient air test method detection limits, and actual observed maximum ambient 

concentrations. It should be noted that the 24-hour ambient values consist of an 

integrated sample collected over a 24-hour period, which consists of periods of lower 

ambient pollutant levels and higher pollutant levels, to arrive at a result for the 

integrated 24-hour sample. Therefore, it is reasonable to suspect that in any given 1- 

hour period the ambient air pollutant value could be higher than the exhaust 

concentration for that pollutant. The proximity of large local sources (i.e., exhaust from 

other test cells) can further add to the ambient air concentrations that already may be 

present. It can be concluded that the potential exists for ambient air concentrations to 

bias emissions estimates high, as the observed ambient concentrations may be 

detectable by emissions test methods. Therefore, it is important to quantify the 

background pollutant concentrations and qualify the exhaust emissions accordingly. 

This was the procedure utilized for this study. 

Ambient air sampling, equipment operations, and calibration followed standard 

operating procedures (SOPs) for each method. All ambient air sampling was performed 

in conjunction with all emissions testing. Ambient air sampling commenced at the start 

of each emissions test run and concluded at the completion of the final emissions test 

run. The ambient air samples were composited over the three 1-hour test runs for each 

engine power setting. Representative ambient air samples were collected inside the 

test cell. Samplers were turned on and off from inside the test cell. These results were 

used to correct for any bias introduced by pollutants found in the ambient air. 

The following subsection presents a brief description of the ambient air sampling 

and analytical method that was used to determine particulate matter concentrations. 

The description includes overviews of the sampling equipment, collection media, and 

analytical techniques used in the sampling for each pollutant. 

P:\3000\3114V3114-08B\Final Report\Post6octcomments\Volume 3\SECTION1 .DOC 



CO 

00 
0) 
OS 
i— 

i_ CO 
o CM 

CD 

E o 
CD T_ 
> ^_ 
o 
z 

t o 
Q- .. ..  if 
®   CD C   O 
01 E 2 "55 
CO -^ Ü   >  +j;   0) 
CD   O CD   CD   CO   CO 
hXflCCUQ. 

CD 

0) ~ 

■o 3 
o (0 
JZ a> 
4-> 
a> DC 
2 c ^ CD 
(0 A 
1- E 
c < 
o ■o 
CO a> 
0) > 
E 
LU 

CD 
CO n 

O O 
c 
o 
0) 

■o 
c 
CO 

1_ ■o 
CO o 
Q. ^ 
E CD o 
ü 2 

CO 
CM CD 

h- ^ *■> 

0) c 
£1 

CD 

CO 43 
1- E 

< 

i- 3   C E E .2 

te
d 

M
ax

i 
4-

hr
 a

m
b 

V
al

ue
s 

E 
i— 

o 
V 

O CM 
Z 

m 
F 

"O  o -n ra 
O ~  - E 

** ■Cue in o 
L. = sJ o 
CD o 
13 o 

E 
< o 

CO O) 
E CO 

o> a> o 
Q.E CM 

E = 
CD   O 

CO > «: o 
o 

3 f\l 
u rv. 

o .2 *- a 

ly
ti 

ec
t 

im
i 

T— 

gs -J 
o 

:o 
F c 

■Do« o: 
O »   +- b 

J= o  E 
o 2S_, o 

CD 

CD 
O a> a> 

C9 

E 5 

3 
O 

CO 

Ö.E 
E = 

■ 

a o 
CO > «r o 

3 LO o 

O .2   *- a 

ly
ti 

ec
t 

im
i fc 

gS J 
o 

■o a> c 
3    (0 ts 
O   OT 3 
a. co O 
E a C 
o a 
u a 

CO 

E _9 
o > 
® CD 

«i 
T3 i_ 
(D 3 
O   O 

CD ca 

ro o 

p S 

o £ 
"O   CO 

& w 
CO .t; 
CO c 

■Q .E 

£ C 
CO   o 
co '■« •*-•    CJ 
•-   CD 

E TD 

c <u 
.2 Q. 

I§ 
E w 
<D £ 
CD   CD 

si 
CO J3 

u o q 
s o 
6 
w 

i 
3 

I 

s 
& 

CO 
CD 

o 

a, 



Test Report 
Volume: 3 
Section: 1.0 
Revision: 1 
Date: November 1998 
Page: 12 of 13 

1.3.1 Particulates 

General Metal Works high-volume (Hi-Vol) air samplers with volumetric flow 

controllers were used to sample particulate matter (total suspended particulates). The 

paniculate sampling program was operated according to EPA guidelines as described in 

the Quality Assurance Requirements for Prevention of Significant Deterioration, 40 CFR, 

Part 50, Appendix B. Sample filters were analyzed by a gravimetric method using pre- 

and post-weights to determine total particulates. During each 1-hour sample run, 68 m3 of 

sample was collected. For the composite 3-hour sample, a total of 204 m3 of volume was 

sampled. With an analytical detection limit of 0.1 milligram (mg), the method detection is 

0.5 |ig/m3. 

1.4 ENGINE TEST CYCLE DATA 

In order to correlate the aircraft engine emissions data with the engine operation, 

selected engine test cycle data was compiled by government personnel during testing. 

The engine test monitoring system at each test cell/hush house can monitor a variety of 

engine parameters during engine testing. For the purpose of emissions sampling, a 

select number of these parameters was monitored during testing for emission factor 

development. It is important, for example, to distinguish between afterburner settings. 

The engine operating mode designated as afterburner is comprised of five zones. 

These zones are classified as one through five and directly correlate to an increase in 

fuel flow and thrust as the zones increase in value. During this sampling program all 

engines were tested at zone one except the F404-GE-F1D2/400, which was tested in 

zone 3. These parameters assisted in correlating the effect of a specific pollutant for a 

specific engine load condition. The following list is a portion of the data that was 

compiled by government personnel: 

JP-8 fuel flow at each load 
°        Engine rpm at each load 
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Thrust/horsepower at each load 
Engine pressure ratio (EPR) 
Test cell humidity and temperature. 

1.5 JP-8 FUEL SAMPLING AND ANALYSIS 

The JP-8 fuel proximate/ultimate analysis and level of nitrogen were determined 

for each facility to develop a custom F-factor and to document fuel characteristics during 

emissions testing. Table 1-3 lists the fuel analysis parameters analyzed. Two fuel 

samples were collected at each testing location during testing. These samples were 

collected and shipped to the appropriate Government laboratory for analysis. 

Table 1-3. JP-8 Fuel Parameters Analyzed 

Parameter Analytical Method 
Trace Sulfur ASTN/TD-2622 
Carbon, Hydrogen, and Oxygen ASTM D-5291 
Trace Nitrogen ASTM 4629 (chemiluminescence) 
Heating Value (Net and Gross) ASTM D-240 
Density ASTM D-1480 
API Gravity/Density ASTM D-1298 

American Society of Testing and Material. 
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SECTION 2 

SITE-SPECIFIC SAMPLING PROTOCOLS 

A Custom Method 5 paniculate matter sampling methodology was performed 

within eight different engine test cells at six separate base locations: Kelly AFB, TX; 

Laughlin, AFB, TX; Tinker AFB, OK; Charleston AFB, SC; Edwards AFB, CA; and 

Barnes Air National Guard Base (ANGB), MA. The sampling locations for four of the 

engine test cells were contained in a single accessible exhaust duct, and conventional 

emission test methods were used to determine the mass emission rate of particulate 

matter at those locations. These facilities were the APU test cell at Kelly AFB, Test Cell 

14 at Corpus Christi Army Depot, and the test cell at the Naval Aviation Depot, Cherry 

Point (these results are also presented and discussed in Volume 2) 

This section provides a summary of how emission sampling was conducted at 

each test cell. Findings and results are presented in Section 4 of this Volume. 

2.1  KELLY AFB, TEST CELL 58 

Figure 2-1 illustrates the general configuration of test cell 58. As can be seen in 

Figure 2-1, this exhaust configuration did not facilitate the use of conventional sampling 

methodologies. Therefore single point sampling was performed and the flowrate was 

determined through calculation (carbon balance, tracer gas, F-factor). There are a total 

of 42 individual exhaust stacks over a 1,400-square-foot (ft2) area. Airflow into the test 

cell is the result of the air draw created by the engine during operation. Engine exhaust 

gas is directed through the augmenter tube, through the perforated section of the 

augmenter tube into the blast room, and then exits through the multiple stacks. 

Because of the turbulent flow from the engine exhaust and the circuitous path that the 

exhaust gases must travel, it was assumed that there would be no stratification of the 
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exhaust gases. Therefore single point sampling would be representative of the entire 

gas stream. 

In order to calculate the exhaust flowrate by tracer gas and determine 

homogeneity, a tracer gas distribution system was set up inside the test cell near the 

corner against the augmenter tube wall. As shown in Figure 2-2, four stainless steel 

tubes (0.25-inch I.D.) were attached to the face of the augmenter tube entrance. Eight 

tracer gas collection points were selected from the 42 exhaust stacks (Figure 2-3). 

Dedicated pumps set at a constant pull rate were used at each point to collect the SF6 

sample in Tedlar bags during each run for analysis by FTIR. The assumption of a 

homogeneous exhaust mixture was demonstrated by these tracer gas measurements. 

The inlet flow rate was measured by 12 hot-wire anemometers that were placed over 

the air intake screen in a Method 1 configuration. However, as described in Section 

1.2.3, due to potential interferences, the data did not correlate and was rejected as 

suspect. Inlet air pollutant concentrations were determined by placing the ambient 

samplers in the rear corner against the augmenter tube wall inside the test cell, in a 

manner that did not present a foreign object damage (FOD) hazard to the engine. 

The stacks at the outlet of the blast room are flush with the top of the test cell. 

This presented both a safety hazard and a sampling dilemma. It was not possible to 

remain on the temporary test scaffolding during engine operation above idle conditions 

due to exhaust temperature and velocity. The configuration of the stacks also did not 

allow the stacks to be traversed in a reasonable amount of time as required by EPA 

Method 1. Since access to the platform and stacks was limited, all sampling was 

conducted at a single point for each sample train. In order to minimize wind 

interference for each sample train (PM, SVOC, VOC, CEM, ALD/KEY), it was 

necessary to install 4-foot stack extensions with 4-inch-diameter sample ports on six of 

the exhaust stacks. Figure 2-3 illustrates which exhaust stacks had extensions, the 

placement of sampling opening, and which pollutants were sampled from each stack. 

The size and placement of the scaffolding platform are also presented. 
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Figure 2-2 
Tracer gas distribution system for the augmenter tube 
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PLAN VIEW 

Figure 2-3 
Kelly AFB Test Cell 58 
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Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate since the face of the exhaust could not be traversed. The exhaust flowrate 

was calculated using either carbon balance, tracer gas, or F-factor. 

2.2 KELLY AFB, TEST CELL 54A 

Figure 2-4 illustrates the general configuration of test cell 54A. As can be seen 

in Figure 2-4, this exhaust configuration did not facilitate the use of conventional 

sampling methodologies. Therefore single point sampling was performed and the 

flowrate was calculated (carbon balance, tracer gas, F-factor). The exhaust outlet 

terminates in a triangular-shaped stack with rectangular outlets on either side. The 

engine exhaust is directed through the augmenter tube, into the blast box, which directs 

the exhaust gases to the roof outlet. Inlet air into the cell is provided by a fan, which 

was designed to simulate airflow during flight. 

Because of turbulent flow from the engine exhaust through the augmenter tube 

and into the blast box, it was assumed that there would be no stratification of the 

exhaust gases and that the tracer gases introduced to the system would be mixed 

equally. Therefore, single point sampling would be representative of the entire gas 

stream. The tracer gas distribution system was set up inside the test cell behind the 

rectangular exhaust duct. Four stainless steel distribution tubes (0.25-inch I.D.) were 

attached to the rear of the short augmenter tube near the blast box in the configuration 

shown in Figure 2-5. One tracer gas collection point at the exhaust was placed in each 

of the four sample ports as shown in Figure 2-6. Dedicated pumps set at a constant 

pull rate were used on each collection point to collect the SF6 sample in Tedlar bags 

during each run for analysis by FTIR. The assumption of a homogeneous exhaust 

mixture was demonstrated by these tracer gas measurements. 
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Figure 2-5 

Tracer gas distribution system for the augmenter tube 
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Figure 2-6 
Kelly AFB Test Cell 54A 
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The inlet flow rate was measured by anemometers placed over the air intake 

screen. To facilitate these flow measurements, the 16-inch vacuum line inside the test 

cell was sealed temporarily during testing to limit air intake to only the main air stream. 

Again, these flow measurements were considered suspect and rejected due to 

interferences. 

Inlet air pollutant concentrations were determined by placing the ambient 

samplers behind the rectangular exhaust duct inside the test cell, in a location that did 

not present a FOD hazard to the engine. 

With the triangular exhaust stack it was not possible to remain on the roof during 

engine operation above idle. Therefore, the exhaust could not be safely traversed as 

required by EPA Method 1. Since access to the platform and exhaust stack was limited 

during engine operation, all sampling was conducted at a single point. Exhaust gases 

could not be sampled from the sides of the triangular stack, because wind interference 

made it difficult to sample isokinetically and collect a representative sample. Therefore, 

four sample ports were cut in the side of the exhaust stack. Figure 2-6 illustrates the 

placement of the sampling ports on the test cell 54A exhaust and which pollutants were 

sampled from each port. 

Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate since the cross section of the exhaust could not be traversed. The exhaust 

flowrate was calculated using either carbon balance, tracer gas, or F-factor. 

2.3 KELLY AFB, APU TEST CELL 

Figure 2-7 illustrates the general configuration of the APU test cell at Kelly AFB. 

The 28-inch-diameter exhaust outlet terminates on the roof of the APU facility and is 

shielded by a cap. The configuration of this test cell allowed the use of conventional 

emission sampling methodologies. Inlet air into the cell is provided by a fan in a square 
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Figure 2-7 
APU Test Facility 
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room air intake. APU engine exhaust is directed through the augmenter tube to the 

roof outlet. Since emissions were exhausted through a single stack, conventional 

isokinetic sampling methodologies were applicable at this test cell. The exhaust 

flowrate was determined by direct measurement during sampling. 

Inlet flow rates were measured by 12 anemometers placed under the test cell air 

intake. The mushroom cap room exhaust and alternate engine exhaust were sealed 

temporarily during testing to limit air intake to the main inlet air intake, which facilitated 

inlet flow measurements. Three anemometers were placed on each of the four faces to 

this inlet. As discussed previously, the measurements provided by these instruments 

were considered suspect and were rejected. Inlet air pollutant concentrations were 

determined by placing the ambient samplers under the air intake inside the test cell, in 

a location that did not present a FÖD hazard to the engine. 

The APU test cell stack needed to be temporarily modified so that testing could 

be performed according to EPA Method guidelines. Figure 2-8 illustrates the 

modification that was required on the APU stack. The weather cap on the stack was 

removed, and a 6-foot extension with five sample ports was placed on the stack. 

Figure 2-9 illustrates the sampling port specifications. The size and placement of the 

scaffolding platform also are presented in Figure 2-8. Particulate, semivolatiles, and 

aldehyde and ketone sampling trains were rotated among the four ports offset by 90 

degrees during the sample run. It took 5 to 10 additional minutes per traverse to rotate 

the trains among the sample ports. This added approximately 15 to 30 minutes to each 

60-minute sample run and resulted in an overall 75- to 90-minute operational period for 

the APU per test. All continuous emission monitoring (CEM) parameters and volatile 

organic sampling trains (VOST) were sampled from the one sample port offset by 45 

degrees from the other four sampling ports. 
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Figure 2-8 
Kelly AFB 
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Figure 2-9 
Side-View of Sampling Port 
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2.4 CORPUS CHRISTI ARMY DEPOT, TEST CELL 14 

The general configuration of engine test cell 14 at CCAD is illustrated in Figure 

2-10. The approximately 44-inch-diameter exhaust outlet terminates on the roof of the 

test cell facility, which allowed the use of conventional emission test methodologies. 

Airflow into the cell air intake is the result of the air draw created by the engine during 

operation. Engine exhaust is directed through the augmenter tube to the roof outlet. 

Since conventional isokinetic sampling methodologies were applicable at this source, 

the exhaust flowrate was measured directly from the exhaust stack. 

The inlet flow rate was measured by 12 anemometers positioned at the air 

intake. The inlet air tube for other engine types was sealed temporarily during testing 

to limit air intake to only the main air intake, which facilitated inlet flow measurements. 

However, as discussed previously the inlet airflow numbers are suspect due to 

interference and have been rejected. Inlet air pollutant concentrations were determined 

by placing the ambient samplers under the air intake inside the test cell in a location 

that did not present an FOD hazard to the engine. 

Test cell 14 was sampled using conventional isokinetic sampling methodologies; 

however, the stack was permanently modified so that testing could be performed 

according to EPA Method guidelines. Figure 2-11 illustrates the modifications to the 

test cell stack. A total of five sample ports were installed on the stack. Figure 2-12 

illustrates the sampling port specifications. The size and placement of the scaffolding 

platform are also presented in Figure 2-11. Particulate, semivolatiles, and aldehyde 

and ketone sampling trains were rotated among the four ports which are offset by 90 

degrees during the sample run. It took 5 to 10 additional minutes per traverse to rotate 

the trains among the sample ports. This added approximately 15 to 30 minutes to each 

60-minute sample run and resulted in an overall 75- to 90-minute test period for the 

helicopter engine. All CEM parameters and VOST were sampled from the single 

sample port at the base of the stack. 
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Figure 2-12 
Side-View of Sampling Port 
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2.5 Laughlin AFB, Test Cell 18 

Figures 2-13 through 2-15 illustrate the general configuration of test cell 18. As 

can be seen in these figures, this test cell configuration did not facilitate the use of 

conventional sampling methodologies. Therefore, single point sampling was performed 

and the exhaust flowrate was determined through calculation (carbon balance, tracer 

gas, F-factor). 

Airflow into the test cell is the result of the air draw created by the engine during 

operation. Because of the turbulent flow from the engine exhaust and the circuitous 

path that the exhaust gases must travel, it was assumed that there would be no 

stratification of the exhaust gases. Engine exhaust gas is directed through an 

augmenter tube into a blast room, and then exits through a rectangular stack. 

In order to verify homogeneity throughout the exhaust cross section, tracer gas 

was injected to the exhaust stream and sampled at a representative number of points 

at the outlet. The tracer gas manifold was located at the side of the test cell near the 

entrance doors. The four stainless steel (0.25-inch I.D.) tracer gas distribution tubes 

were located at the rear of the cooling tube near the entrance of the augmenter tube as 

shown in Figure 2-16. Seven of the eight tracer gas collection points were placed over 

the exhaust using wires strapped across the rectangular opening as shown in Figure 2- 

15. The eighth was placed in the sampling port also used by the semi-volatile sampling 

train as shown in Figure 2-15. Dedicated pumps set at a constant pull rate were used 

at each point to collect the SF6 sample in Tedlar bags during each run for analysis by 

FTIR. The inlet flow rate was measured by six anemometers placed over each of the 

front and rear air intakes. These flow rates were rejected due to interferences. Inlet air 

pollutant concentrations were determined by placing the ambient samplers under the air 

intake inside the test cell, in a manner that did not present a FOD hazard to the engine. 

Since the exhaust configuration did not allow for safe collection of exhaust 

emission samples, a slipstream sample was collected to quantify engine emissions. 
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Figure 2-15. Test Cell 18 
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Figure 2-16 
Tracer gas distribution system for the augmenter tube 
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A slipstream flow was diverted from the rear of the test cell exhaust to a location 

outside the exhaust path. The slipstream consisted of 18-inch-diameter, 18-gauge 

galvanized ductwork. The duct faced into the exhaust flow, traversed along the rear 

wall, and made a 90-degree bend towards the sampling location. 

The slipstream approach is similar to that taken for many pilot-scale air pollution 

control device studies in industry to determine the applicability of a control device for a 

particular gas stream. The slipstream approach was also demonstrated at Edwards 

AFB, Langley AFB, and Cannon AFB to determine pollutant emission rates from aircraft 

engines. The slipstream sampling configuration allowed for safe, economical, and 

unobstructed emission sampling and minimal test cell modifications when compared to 

alternative scenarios collected from ground level at ports positioned to meet the criteria 

established in EPA Method 1. A single-speed in-line fan was incorporated into the 

slipstream. The purpose of the fan was to assure adequate sample flow at the idle 

engine setting. It was anticipated that at the lower engine setting, the exhaust flow 

might have bypassed the slipstream since the duct creates a path of resistance. The 

fan allowed for exhaust to be pulled through the slipstream at a rate comparable to the 

engine test cell exhaust. A velocity pressure drop was measured simultaneously at the 

test cell exhaust and in the slipstream. The velocity pressure within the slipstream was 

balanced to the test cell velocity pressure via damper adjustment. Two bleed air 

dampers were incorporated into the slipstream for velocity adjustment and gas 

temperature control to the fan. However, flow within the slipstream duct was not the 

critical parameter for determining the aircraft engine pollutant emission rate. The 

objective of the slipstream was to provide for a representative sampling environment for 

determining pollutant concentration. The tracer gas methodology was used to quantify 

the test cell exhaust rate. 

The slipstream was supported at the test cell exhaust via two angle irons 

fastened to the cell exhaust. The slipstream duct was fastened to the angles and 

supported by scaffolding along the rear of the test cell and out to the sampling 
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locations. The slipstream and fan were fastened to the scaffolding. The scaffolding 

was secured to the test cell during sampling. 

2.6 TINKER AFB, TEST CELL 9 

Figure 2-17 illustrates the general configuration of test cell 9 at Tinker AFB. 

There are a total of 56 individual exhaust stacks over a 1,000-ft2 area. This 

configuration did not facilitate the use of conventional sampling methodologies. The air 

inlet is also approximately 1,000 ft2 and is covered by a roof. There is approximately 4 

feet of screened overhang between the edge of the roof and the air intake wall. Inlet 

flow measurements were collected in this overhang area. Engine exhaust is directed 

through the augmenter tube, through the perforated section of the augmenter tube into 

the blast room, and then exits through the various stacks. Because of the turbulent 

flow from the engine exhaust and the circuitous path the exhaust gases must travel, it 

was assumed that there would be no stratification of the exhaust gases. 

In order to verify exhaust homogeneity throughout the cross section, tracer gas 

was injected to the exhaust stream and sampled at a representative number of points 

at the outlet. The tracer gas manifold was located against the wall midway downstream 

inside the augmenter tube. Stainless steel tracer gas distribution tubes (0.25-inch I.D.) 

were placed through holes in the augmenter tube shell located approximately 20 feet 

downstream in the augmenter tube. The tubes were placed in the configuration shown 

in Figure 2-18. Eight tracer gas collection points were selected from the 56 exhaust 

stacks as shown in Figure 2-19. Dedicated pumps set at a constant pull rate were used 

at each collection point to collect the SF6 sample in Tedlar bags during each run for 

analysis. The assumption of a homogeneous exhaust mixture was demonstrated by 

SF6 tracer gas measurements. The inlet flow rate was measured by 12 anemometers 

placed over the screened overhangs to the air intake. Three anemometers were placed 

on each of the four faces to the air inlet screen. Once again, the flow rate 
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Figure 2-18 
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PLAN VIEW 

Figure 2-19 

Tinker AFB Test Cell 9 Sample Locations 
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values measured by this method were rejected due to interferences. Inlet air pollutant 

concentrations were determined by placing the ambient samplers under the air intake 

inside the test cell in a location that did not present an FOD hazard to the engine. 

The stacks at the outlet of the blast room are flush with the top of the test cell, 

making it unsafe to remain on the scaffolding during engine operation above idle 

conditions. This configuration of the stacks also did not allow the stacks to be safely 

traversed, as required by EPA methodology. Since access to the platform and the 

stacks was limited, all sampling was conducted at a single point for each sampling 

train. In order to minimize wind interference for each sample train, it was necessary to 

install 4-foot stack extensions with 4-inch-diameter sample ports on six of the exhaust 

stacks. Figure 2-19 illustrates which exhaust stacks required extensions, the 

placement of sampling ports, and which pollutants were sampled from each stack. 

Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate since the face of the exhaust could not be traversed. The exhaust flowrate 

was calculated using either carbon balance, tracer gas, or F-factor. 

2.7 CHARLESTON AFB, TEST CELL 

Figure 2-20 illustrates the general configuration of the test cell. The 

configuration of this test cell does not facilitate the use of conventional isokinetic 

sampling methodologies. The baffles in this cell impeded a stack traverse required to 

collect a sample using traditional methodologies. Single point sampling was performed 

and the exhaust flowrate was determined through calculations (carbon balance, tracer 

gas, F-factor). Airflow into the test cell is the result of the air draw created by the 

engine during operation. Inlet flow measurements were not conducted at this facility. 

Engine exhaust gas is directed through the augmenter tube, through the perforated 

section of the augmenter tube into the blast room, and then out through the sound- 
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IÄ8 Figure 2-20. Charleston Air Force Base Test Cell - Side View 
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dampening baffles and the rectangular stack. Because of the turbulent flow from the 

engine exhaust and the circuitous path that the exhaust gases must travel, it is 

assumed that there will be no stratification of the exhaust gases and that the tracer 

gases will be mixed equally. The assumption of a homogeneous exhaust mixture was 

demonstrated by tracer gas measurements. The tracer gas manifold and supporting 

steel tracer gas distribution tubes were located at the beginning of the augmenter tube 

as shown in Figure 2- 21. The exhaust flow rate was determined by the tracer gas 

release rate and the measured concentration at the exhaust. Eight tracer gas collection 

points at the exhaust were configured as shown in Figure 2-22. Tracer gas was drawn 

through a manifold and heated sample line for independent point sampling and direct 

analysis as opposed to the tedlar bag analysis used at previous facilities. This 

improved data collection and provided real time examination. This analysis verified that 

the single-point sample collection methodology, as opposed to a full exhaust cross 

section traverse, was representative of the engine emissions. 

Inlet air pollutant concentrations were determined by placing ambient samplers 

under the air intake inside the test cell. The ambient sampling equipment was 

temporarily installed in a manner that did not present a FOD hazard to the engine. 

The rectangular stack at the outlet of the blast room presented both a safety 

hazard and a sampling dilemma. The configuration of the exhaust stack (29 ft x 25 ft) 

did not allow it to be traversed, as required by EPA Method 1 methodology. Since 

access to the platform and stack was limited, all sampling was conducted at a single 

point between the acoustical baffles. Based on the proposed sampling strategy, it was 

necessary to install five 4-inch-diameter sample ports on the side of the test cell 

exhaust stack. Each port allowed access for each sample train. One port was 

dedicated for each sample type, VOST, semi-volatiles, formaldehyde, particulate 

matter, and the continuous emission monitor probe. Figures 2-23 and 2-24 illustrate 

the placement of sampling ports and the support scaffolding. 

P:\3000\3114\3114-08B\Final Report\Post6octcomments\Volume 3\SECTION2.DOC 



Test Report 
Volume: 3 
Section: 2.0 
Revision: 2 
Date: November 1998 
Page: 32 of 57 

Figure 2-21 

Tracer gas distribution system for an augmenter tube 
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Figure 2-24. Charleston AFB, Engine Test Cell Exhaust Side View 
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Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate. The exhaust flowrate was calculated using either carbon balance, tracer gas, 

or F-factor. 

2.8 EDWARDS AFB, TEST CELL 4 

The general configuration of Test Cell 4 at Edwards AFB is illustrated in Figure 

2-25. There are a total of 64 individual exhaust stacks over a 1,500-ft2 area. This 

configuration did not facilitate the use of conventional emission sampling 

methodologies. Airflow into the test cell results from air draw created by the engine 

during operation. Engine exhaust gas is directed through the augmenter tube, through 

the perforated section of the augmenter tube into the blast room, and then out through 

the exhaust stacks. Because of the turbulent flow from the engine exhaust and the 

circuitous path that the exhaust gases must travel, it was assumed that there was no 

stratification of the exhaust gases. 

The assumption of a homogeneous exhaust mixture was demonstrated by tracer 

gas measurements. The tracer gas manifold and supporting steel distribution tubes 

were located at the beginning of the augmenter tube as shown in Figure 2-26. The 

exhaust flow rate was determined by the tracer gas release rate and the measured 

concentration at the exhaust. Eight tracer gas collection points at the exhaust were 

configured as shown in Figure 2-27. Tracer gas was drawn through a manifold and 

heated sample line for independent point sampling and direct analysis as opposed to 

the tedlar bag analysis used at previous facilities. This provided real time examination. 

The analysis verified that the single point sample collection methodology was 

representative of the engine emissions. 
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Figure 2-26. 
Tracer gas distribution system for an augmenter tube 
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Inlet air pollutant concentrations were determined by placing the ambient 

samplers under the air intake inside the test cell. The ambient sampling equipment 

was temporarily installed in a manner that did not present a FOD hazard to the engine. 

The stacks at the outlet of the blast room are flush with the top of the test cell. It 

was not possible to remain on the scaffolding during engine operation above idle 

conditions. The configuration of the stacks did not allow them to be traversed, as 

required by EPA methodology. Since access to the platform and stacks was limited, all 

sampling was conducted at a single point. The termination of the blast room stacks at 

the top of the test cell could have made it difficult to collect a representative sample due 

to wind interference. It was necessary to install stack extensions with a 4-inch-diameter 

sample port on five of the exhaust stacks. Figure 2-27 illustrates the exhaust stacks 

that had extensions installed and which pollutants were sampled from each stack. 

Figure 2-28 shows a side view of the roof for the test cell exhaust and a sample stack 

extension. 

Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate since the exhaust flowrate was calculated using either carbon balance, tracer 

gas, or F-factor. 

2.9 EDWARDS AFB, TEST CELL 2 

Figure 2-29 illustrates the general configuration of Test Cell 2 at Edwards AFB. 

There are a total of 40 individual exhaust stacks over a 650-ft2 area. This configuration 

did not facilitate the use of conventional emission sampling methodologies. Airflow into 

the test cell is the result of the air draw created by the engine during operation. Engine 

exhaust gas is directed through the augmenter tube, through the perforated section of 

the augmenter tube into the blast room, and then out through the exhaust stacks. 

Because of the turbulent flow from the engine exhaust and the circuitous path that the 
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exhaust gases must travel, it was assumed there was no stratification of the exhaust 

gases. 

The assumption of a homogeneous exhaust mixture was demonstrated by 

tracer gas measurements. The tracer gas manifold and supporting steel distribution 

tubes were located at the beginning of the augmenter tube as shown in Figure 2-30. 

The exhaust flow rate was determined by the tracer gas release rate and the 

measured concentration at the exhaust. Eight tracer gas collection points at the 

exhaust were configured as shown in Figure 2-31. Tracer gas was drawn through a 

manifold and heated sample line for independent point sampling and direct analysis 

as opposed to the tedlar bag analysis used at previous facilities. This provided real 

time examination. The analysis verified that the single point sample collection 

methodology was representative of the engine emissions. 

Inlet air pollutant concentrations were determined by placing the ambient 

samplers under the air intake, next to the augmenter tube, inside the test cell. The 

ambient sampling equipment was temporarily installed in a manner that did not 

present a FOD hazard to the engine. The stacks at the outlet of the blast room are 

recessed below the top of the test cell. Therefore it was not possible to remain on 

the walkway during engine operation above idle conditions. The configuration of the 

stacks did not allow a full traverse of the exhaust, as required by EPA methodology. 

Since access to the platform and stacks was limited, all sampling was conducted at 

a single point. The termination of the blast room stacks at the top of the test cell 

would have made it difficult to collect a representative sample due to wind 

interference. It was necessary to temporarily install 9-foot-tall stack extensions with 

a 4-inch-diameter sample port on five of the exhaust stacks. Figure 2-31 illustrates 

which exhaust stacks required extensions and which pollutants were sampled from 

each stack. Figure 2-32 shows a side view of the roof for the test cell exhaust and a 

sample stack extension. 
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Figure 2-30 

Tracer gas distribution system for an augmenter tube 
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Velocity measurements were collected at each sampling point in order to 

maintain isokinetics. These velocity data were not used to calculate the entire exhaust 

flowrate since the exhaust flowrate was calculated using either carbon balance, tracer 

gas, or F-factor. 

2.10 NAVAL AVIATION DEPOT, CHERRY POINT, TEST CELL 

Figures 2-33 and 2-34 illustrate the general configuration of the engine test cell 

at Cherry Point. The configuration of this test cell allowed the use of conventional 

emission sampling methodologies. The 36-inch-diameter exhaust stack terminated out 

the side of the test cell facility. Airflow into the cell is the result of the air draw created 

by the engine during operation. Engine exhaust is directed through the augmenter tube 

to the stack outlet. Since conventional isokinetic sampling methodologies are 

applicable at this source, tracer gas was not needed to determine exhaust gas 

stratification. Inlet air pollutant concentrations were determined by placing the ambient 

samplers near the air intake inside the test cell in a location that did not present an 

FOD hazard to the engine. 

The engine exhaust was sampled using conventional isokinetic sampling 

methodologies; however, the stack needed to be temporarily modified so that testing 

could be performed according to EPA Method 1 guidelines. Figures 2-35 and 2-36 

illustrate the modifications necessary for the test cell stack. A total of four sample ports 

were installed on the stack so that samples could be collected per EPA methodology. 

Figure 2-36 illustrates the sampling port specifications. The size and placement of the 

scaffolding platform also are presented in Figures 2-33 and 2-35. Particulate and 

semivolatiles sampling trains were rotated between the two upper ports, and the 

aldehyde and ketone sampling train was rotated between the lower ports. Each pair of 

sampling ports (upper and lower) was offset by 90 degrees. It took 5 to 10 minutes to 

rotate the trains among the sample ports. This added approximately 15 to 30 minutes 
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to each 60-minute sample run and resulted in an overall 75- to 90-minute test period for 

the helicopter engine. Two additional sample ports were installed for CEM and VOST 

sampling. Sampling for these parameters was conducted at a single point. These 

ports were located in the mechanical room, as shown in Figures 2-33 and 2-36. 

2.11 BARNES AIR NATIONAL GUARD BASE, HUSH HOUSE 

Figures 2-37 and 2-38 illustrate the general configuration of the Hush House at 

Barnes Air National Guard Base. The configuration of the Hush House did not facilitate 

the use of conventional emission sampling methodologies. Engine exhaust gas was 

directed upward to the top of the augmenter tube, then onto a deflector plate, and then 

out through a short rectangular blast box. Because of the turbulent flow from the 

engine exhaust and the circuitous path that the exhaust gases must travel, it was 

assumed that there was no stratification of the exhaust gases. To verify exhaust 

homogeneity, tracer gas was released into the engine exhaust and sampled at the test 

cell terminus. The tracer gas stainless steel distribution tubes (0.25-inch I.D.) were 

placed around the engine on the engine test stand as shown in Figure 2-39. Tracer 

gas measurements were collected across one diagonal at the exit of the augmenter 

tube as depicted in Figure 2-40. Eight sample points were selected based on Method 1 

criteria. Some stratification was noted at the base of the augmenter tube. All sampling 

for the pollutant parameters was conducted in the upper half of the augmenter tube. 

Inlet air pollutant concentrations were determined by placing the ambient samplers 

inside the Hush House, in a manner that did not present a FOD hazard to the engine. 

Since the exhaust configuration did not allow for safe collection of exhaust 

emission samples via typical stack test methodologies, an alternative approach was 

utilized. The augmenter tube terminus is shielded on three sides by the exhaust 

deflector plate and exhaust stack; therefore, samples were collected at the end of the 

augmenter tube. Each sample train (particulate, VOST, semi-volatiles, aldehyde/ 
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Figure 2-39. 
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Figure 2-40. Barnes Air National Guard Base Tracer Collection Points 
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ketones) as well as the CEM inlet were set up on top of the augmenter tube at the 

exhaust exit. A vertical sampling probe was extended from each train, down into the 

engine exhaust stream at approximately the top third of the augmenter tube cross- 

section. Samples were collected from a single point in the same manner as was done 

for Kelly AFB, Tinker AFB, Charleston AFB, and Edwards AFB. The sample probes 

were secured with cable in the face of the exhaust stream. 

To verify that the sample location was representative of the entire engine 

exhaust, the tracer gas concentration was monitored at approximately eight locations 

across the end of the augmenter +tube. The gas stratification and exhaust flow rate 

were determined through the use of tracer gas. The eight tracer gas intake points were 

secured in the exhaust stream via cables. 

P:\3000\3114\3114-08B\Final Report\Post6octcomments\Volume 3\SECTION2.DOC 



Test Report 
Volume: 3 
Section: 3.0 
Revision: 1 
Date: November 1998 
Page: 1 of 16 

SECTION 3 

EXHAUST FLOW DETERMINATION 

The calculation of paniculate emission rates for this test program required 

determination of the total exhaust flow (combustion products plus excess air). The total 

exhaust flow is required to quantify mass emission rates for the parameters measured. 

The concentration of each pollutant is incorporated with the exhaust flow rate to 

calculate the mass emission rate. 

The sampling locations for four of the engines contained a single accessible 

exhaust duct, and conventional EPA test methods were used to determine the exhaust 

flow rate at those locations. These facilities included the APU test cell at Kelly AFB, 

Test Cell 14 at Corpus Christi Army Depot, and the test cell at the Naval Aviation 

Depot, Cherry Point. Test locations at Kelly AFB, Laughlin AFB, Tinker AFB, 

Charleston AFB, Edwards AFB, and Barnes ANGB were not configured to permit flow 

measurement using traditional EPA methods. This section provides descriptions of the 

four alternate flow measurement techniques that were used to calculate flow rate at 

each of these locations. These measurement techniques are the following: 

° Carbon balance for the calculation of inlet and total exhaust flow. 
0 F-factor for the calculation of inlet and total exhaust flow. 
0 Tracer gas concentration for total exhaust flow. 
° Mass flow meters for measurement of inlet airflow. 

Each method has advantages, disadvantages, and limitations that vary in 

significance depending on the specific conditions of each test run. The objective of the 

test program was to evaluate all flow measurement/calculation methodologies and 

results and select the most representative methodology for each engine and setting. 
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3.1  CALCULATION OF AIRFLOW USING CARBON BALANCE 

This method was used to calculate both inlet and outlet airflow rates using a 

carbon mass balance. Conservation of matter requires that the total carbon mass rate 

in the exhaust (MCE) equal the sum of the total carbon mass rate in the fuel (MCF) and 

the carbon mass rate in the inlet air (MCI). 

MCE  = MCF + MCI (Equation 1) 

A similar conservation of total mass states that the total mass rate in the exhaust 

(ME) equals the total mass rate in the fuel (MF) plus the total mass rate at the inlet (Ml). 

ME     = MF + Ml (Equation 2) 

Finally, the mass rate of carbon also can be derived as the total mass rate at 

each location, times the percent carbon by weight (% Cx) in each stream. 

MCE   =MEx%Ce/100 (Equation 3) 

MCF   =MFx%C/100 (Equation 4) 

MCI    =Mlx%C/100 (Equation 5) 

The percent carbon by weight can be measured in all streams and the mass rate 

of fuel burned also can be measured. This leaves four unknown variables (ME, Ml, 

MCE, and MCI) and five independent equations. 

To solve for inlet mass flow rate, substitute Equation 2 into Equation 3. 

MCE   = (MF x % C/l 00) + (Ml x % C/100) 

Then substitute that equation into Equation 1. 

(MF x % C/l00) + (Ml x C/l 00) = MCF + MCI 

Substitute Equations 4 and 5 to get: 
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.   (MF x % Ce/100) + (Ml x % Ce/100) = (MF x % C/100) + (Ml x % C/100) 

Rearrange factors to get the inlet mass rate. 

M=MF-%C''%C- 
100 

f % Ce - % Cj 

100 

By similar derivation, rearrange Equation 2, substitute into Equation 5, substitute 

the results into Equation 1, and then substitute Equations 3 and 4 to get the following: 

Ml       = ME - MF (Equation 2) 

MCI    = (ME x % C/100) - (MF x % C/100) (Equation 5 using Equation 2) 

MCE  = MCF + (ME x % C/100) - (MF x % C/100) (Equation 1 using Equation 5) 

MEx 
A     ( %cA    { %cA   ( %cA      (Substitute 

100 
=   MFx 

100 
mxm   - [MFxm Equations 3 &4) 

%Cf - %C; )/ %c. - %c, 
ME = MF - 

100        If I        100 

The mass emission rates can be converted to volumetric flow rates by dividing 

by molecular weight and multiplying by standard volume. For example: 

ME x 385.35 
QE =   V MWe 

Where: 

QE     = Wet standard volumetric flow rate, . 
min 

ME     = Total exhaust flow rate, . 
min 

IK 
MWe   = Wet molecular weight exhaust stream, . 

lb mole 
scf 

385.35 = Standard molar volume, . 
lb mole 
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The fuel mass rate was measured directly during each test run, and the % C, 

was determined by the fuel analysis. 

The wet molecular weights of the exhaust gas streams was determined by EPA 

Reference Methods 3A and 4 (40 CFR 60). These methods measure the percent 

moisture (% M) of the gas stream and percent carbon dioxide (% C02) and oxygen 

(% 02) in the gas stream on a dry basis, which was used to calculate the molecular 

weight as follows: 

MW  = {(% C02 xO.44) + (% 02 xO.32) + ((% CO + % N2) * 0.28)} * 
%M 
100 

+ (%Mx0.18) 

Where: 

% M   = Moisture content as a percent. 

For the purpose of calculating a molecular weight, (% CO + % N2) is assumed to 

be (100- % C02 - % 02). Calculation of the carbon content of the exhaust gas stream 

used the % C02 as determined by Method 3A, plus additional measurements of carbon 

monoxide (% CO) and total hydrocarbons (% THC) by EPA Reference Methods 10 and 

25A (40 CFR 60, Appendix A), respectively. The % THC is stated on the basis of 

methane (CH4). The carbon monoxide (CO) and carbon dioxide (C02) concentrations 

were measured on a dry basis and were converted to a wet basis using the measured 

moisture content of the exhaust gas. THC was measured on a wet basis. 

% C02 (wet) = % C02 (dry) x 

% CO (wet)   = % CO (dry) x 

1- 
v. 

1- 

%  M " 
100   , 

100  J 
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The total carbon content of the exhaust gas stream is equal to the sum of % C02, % 

CO, and % THC on a wet basis times the ratio of carbon molecular weight to the total 

wet molecular weight of the gas stream. 

% C = (% C02 wet + % CO wet + % THC) x ^~ 62 '    MWe 

A similar calculation is required for the inlet air volumetric flow rate, but the following 

simplifying assumptions can be made: 

°        Dry ambient air is composed of 20.9% oxygen and 79.1 % nitrogen. 
°        Ambient humidity represents the moisture content of the inlet air. 

The major drawback to this measurement method is the use of extremely low 

carbon concentration values at the inlet, and relatively low concentrations at the 

exhaust compared with the very high carbon concentrations in the fuel. As excess air 

increases, the inlet flow becomes indistinguishable from the outlet flow. The major 

advantage of this procedure is that the only additional data that are required to 

calculate flow are the inlet flow; CO, C02, and THC values; and ambient humidity. 

3.2 CALCULATION OF AIRFLOW USING F-FACTORS 

F-factors relate the volume of combustion products to the heat content of fuel. 

F-factors generally are used for combustion sources when the exhaust stream flow rate 

is known but the fuel heat input must be determined. In this case, the fuel input was 

determined but the exhaust stream flow rate needed to be determine. The F-factor 

relationship was used to calculate the total airflow based on the fuel-firing rate. 

F-factors are published for a variety of fuels and usually are expressed in units of 

dry standard cubic feet per British thermal unit [(dscf/Btu or dscm/joule (J)]. For this 

test program, specific F-factors were determined through ultimate analysis (i.e., 
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hydrogen, carbon, sulfur, nitrogen, and oxygen) of the fuel components on a weight 

percent basis and fuel density (lb/gal). 

To determine the air volumetric flow rate, the following additional information was 

required: 

°        Concentrations of oxygen, carbon monoxide, and moisture content in the 
exhaust stream after combustion. 

0 Fuel firing rate, gallons per minute (gal/min). 

The F-factor, dry basis, can be calculated from the ultimate analysis of the jet 

fuel as follows: 

Fd    = K[(Khd % H) + (Kc % C) + (K. % S) + (Kn % N) - (K0 % 0)]/GCV 
(Equation 19-13, 40 CFR 60, Appendix A, Method 19) 

If the heat input components (K, GCV) are eliminated from the equation, an F- 

factor based on fuel mass is derived. 

Fmd = [(Khd % H) + (Kc % C) + (Ks % S) + (Kn % N) - (K0 % O)] 

Where: 

Fd  = Volume of combustion components per unit of heat content, scf/million Btu. 
Fmd = Volume of combustion component on a dry basis per pound of fuel, scf/lb. 
% H, % C, % S, % N, % O = Weight percents of hydrogen, carbon, sulfur, 

nitrogen, and oxygen in the jet fuel. 
GCV = Gross calorific value of the fuel consistent with the ultimate analysis, 

Btu/lb. 
K = Conversion factor, 10"5. 
Khd = 3.64 (scf/lb)/(%). 
Kc =1.53(scf/lb)/(%). 
Ks = 0.53 (scf/lb)/(%). 
Kn =0.14(scf/lb)/(%). 
K0    = 0.46 (scf/lb)/(%). 
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Stoichiometric combustion calculations assume that the carbon in the fuel is 

burned completely to produce carbon dioxide and water with no excess air (and no 

significant formation of nitrogen dioxide or carbon monoxide). The air stoichiometric 

volumetric flow rate (dry basis) can be determined by simply multiplying the measured 

fuel-firing rate by the F-factors. 

Fuel firing rate, 
min ) 

fuel density, 
Jb_ 
galj 

Lmd> 

scf' 

lb, 

= dry combustion airflow, 
scf 

mm 
The percent excess air (EA) during actual combustion can be calculated using 

the following formula: 

%EA = 
% 02 - 0.5% CO 

20.9 - (%02 - 0.5% CO) 
xlOO 

Where: 

% 02, % CO = Measured percents of oxygen, and carbon monoxide, in the 
exhaust gas. 20.9 is the percent dry oxygen in ambient air. 

Total dry combustion flow (including) excess air equals: 

Total dry airflow = (dry combustion air flow) 1 + 
%EA 

100 

This simplifies to: 

scf 
Total dry combustion flow, —— = (dry combustion air) 

( 20.9 
nun 
\ 

20.9 - %02 + 0.5% CO ) 
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The inlet airflow is equal to the total dry combustion air plus the fraction of 

oxygen in the inlet used for the combustion of hydrogen in the fuel. The nitrogen 

associated with this oxygen fraction of the inlet air was included in the Fd calculation. 

This inlet oxygen fraction can be derived from the same F-factor calculations 

presented in EPA Method 19. 

Fmo = K [Khi % H] 

Where: 

Fmo     = Volume of inlet oxygen used to combust hydrogen per unit of fuel fired, 
scf/lb. 

Khi       = 0.96 (scf/lb)/%. 
% H    = Weight percent of hydrogen in the fuel as stated previously. 

Then the total dry inlet airflow is the following: 

lb 
Dry inlet air = 

gal. 
fuel firing rate, 

nun 

20.9 

fuel density, 
gal.. [Fmd + Fj 

20.9 - %0, + 0.5% CO 

The inlet air then can be corrected back to actual conditions using the ambient 

temperature and humidity. The total exhaust flow can be adjusted to actual conditions 

using the measured exhaust moisture content and temperature. 

There are limitations to the use of these F-factors for calculations of airflow from 

jet engines. The concentration of carbon monoxide in the combustion stream normally 

is so low that it is insignificant in the excess air calculation, but it has been included to 

cover operation during periods of incomplete combustion. If the combustion is so 

incomplete that large quantities of the fuel are exhausted as carbon (soot) or volatile 

hydrocarbons (THC), the % C of the fuel must be reduced to account for the reduced 

formation of combustion products. 
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The second limitation is that high levels of excess air are present. At high 

excess air levels, the carbon monoxide concentration becomes zero, but the oxygen 

content of the combustion gas approaches ambient concentrations (20.9 % 02). The 

excess air equation becomes unreliable at a concentration at or near 20.9 % oxygen as 

this equation is undefined due to division by zero. As a general rule, these F-factor 

calculations will be unreliable any time the combustion gas contains more than 18.5 % 

oxygen. 

3.3 CALCULATION OF AIRFLOW USING TRACER GAS 

At Kelly AFB Test Cells 58 and 54A, Laughlin AFB, Tinker AFB Test Cell 10, 

Charleston AFB Test Cell, Edwards AFB Test Cells 2 and 4, and Barnes Air National 

Guard Base, flow could not be measured by EPA Reference Methods. The exhaust 

flow was calculated from tracer gas dilution ratios.   In the tracer gas flow measurement 

technique, a precise mass flow of the sulfur hexafluoride (SF6) tracer gas was injected 

into the exhaust stream after the engine and sampled at the exhaust of the test cell to 

the atmosphere. The tracer gas flow calculation is based on the assumption that the 

SF6 is dispersed uniformly throughout the exhaust gas. If this assumption is correct, 

then the following flow determination is valid simply by mass balance. 

°        The tracer gas flow calculation is based on the assumption that the SF6 is 
dispersed uniformly throughout the exhaust gas. 

S =QxCxK m s s 

Where: 

Qs = Total exhaust flow, cubic meters per minute (m3/min), wet basis. 
Sm = Metered injection of SF6, milligrams per minute (mg/min). 
Cf = Concentration of SF6 in sample, parts per billion (ppb). 
Cs = Average concentration of SF6 in the exhaust gas. 
K = Physical constants required to attain consistent units. 

\\NETSERVER\PROJECTS\3000\3114\3114-08B\Final Report\Post6octcomments\Volume 3\SECTION3.DOC 



Test Report 
Volume: 3 
Section: 3.0 
Revision: 1 
Date: November 1998 
Page: 10 of 16 

Since the SF6 is distributed uniformly, then the concentration in any sample will 

be equal to the average concentration; thus, by substitution and rearrangement, the 

following calculation can be derived: 

m' 1.64795 x 103 Sm 
5   min Cf 

Where: 

1.6745 x 103 = Conversion constants times standard molar volume divided by 
f 24.05 x 10"3 m3") 

molecular weight of SF6 

m3 - ppb 
LV gm - mole 

gm - mole 

,  146 gm  t 
x 

fio-3gl 
I m§ J 

x 
f   PPb   "l 
llxlO"9 j 

with units of 
mg 

The flow rate calculation was presented on a metric basis for clarity. All flow 

rates and emissions were presented in both English and metric units. 

Tracer gas was used as the primary method for flow determination, and carbon 

balance was used as the secondary method. Flow rates by F-factor were highly erratic 

and not comparable to either tracer gas or carbon balance. Differences were due to 

the high oxygen measurements resulting from high dilution of the exhaust gases. F- 

factor calculations would have been more reasonable if the measured oxygen results 

were not near ambient levels. By comparison, tracer gas and carbon balance showed 

good agreement. However, carbon balance is also a calculated flow and the exhaust 

gases were highly diluted with ambient air. Therefore, small differences in measured 

gaseous concentrations by the CEM resulted in occasional erratic results for carbon 

balance. The tracer gas method was biased at certain engine settings due to pollutant 

interference and sampling difficulties. 

Ethylene was present as a product of incomplete combustion at all engine 

conditions, with the highest levels occurring in the afterburner mode. Ethylene 
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concentrations were negligible when they were in the same range as the SF6. In the 

afterburner mode, ethylene concentrations were several orders of magnitude greater 

than the SF6 infrared signature. Ethylene presented itself as an interferent in data 

analysis. The ethylene peak had to be subtracted from the SF6, which tended to reduce 

the total SF6 response and resulted in a high biased calculated flow rate. 

During the first phase of testing (Kelly AFB, CCAD, Laughlin AFB, and Tinker 

AFB), tracer gas was collected at up to eight points across the exhaust face. Each 

sample was drawn into a tedlar bag and a pump set at a constant rate. This system 

provided adequate results but at times the bags would leak, the power to the pump 

would be lost, or the bag sample would be lost due to high winds. This collection 

method was improved. 

During the second phase (testing conducted at Charleston AFB, Edwards AFB, 

and Barnes ANG Base) of the engine testing program, a simplified tracer gas collection 

system was used. This system consisted of eight sample points placed across the test 

cell/hush house exhaust. Samples from each point were drawn through a heated 

sample line directly to the FTIR for analysis. Each point was sampled individually. One 

sample was drawn from each point and was measured during a one-hour period. 

Because of the consistent nature of emissions from the engines, concentrations at each 

tracer gas sample point did not vary over time and thus integrated sampling was not 

necessary. Also during the second phase of the monitoring program, a standardized 

approach was adopted on how tracer gas could be uniformly distributed with the engine 

exhaust. The new approach adopted during the second phase of the monitoring 

program significantly reduced the biases encountered from tracer gas distribution and 

sample collection that occurred during previous engine testing.   Though the tracer gas 

method was improved, all flow data, calculated and measured, and engine operations 

data was reviewed before selecting a method for flow determination. 
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3.4 MEASUREMENT OF INLET AIRFLOW 

In the early stages of the test program, the inlet flow was measured in an 

attempt to provide a fourth data point to evaluate. At four test locations, up to 12 mass 

flow meters (anemometers) were attached to the inlet air screens. Each mass flow 

meter was fixed in a stub stack constructed from a short piece of 6-inch-diameter duct. 

The arrangement was different for the four test cells requiring anemometer inlet 

measurements. A description of the anemometer arrangement follows: 

Tinker AFB Test Cell 9-12 anemometers were positioned inside the inlet stack, 
three per side. The placement was centered on the three equal areas that 
comprise each side to the extent that was possible from the catwalk access. 

Kelly AFB Test Cell 58-12 anemometers were placed in a 4 x 3 grid across the 
screen that was in place at the inlet. Each grid section represented 1/12th of the 
total inlet area, consistent with EPA Reference Method 1. 

Kelly AFB Test Cell 54A - The 12 anemometers were positioned across this 
opening by attaching them to the grid at locations representing equal areas, 
consistent with EPA Reference Method 1. 

Laughlin AFB Test Cell - 6 anemometers were positioned across each of 2 inlet 
screens by attaching them at locations representing equal areas, consistent with 
EPA Reference Method 1. 

The flow calculation averaged the flow measurements made over the equal areas to 

determine total flow. If one equal area was inaccessible due to safety concerns, that 

area was weighted equally with the average of the other measurements. Blocked 

areas were considered as zero flow. The sum of the airflow measured by the mass 

flow meters was multiplied by the ratio of the inlet area to the sum of the area of the 12 

assemblies to determine inlet flow. 

Qi 
• K     v 
77ZX 1; 2.3562 m; 
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Where: 

Qi       = Inlet airflow, standard cubic feet per minute (scfm). 

A;       = Inlet duct area, square feet (ft2). 

2.3562 = Total area of 6-inch mass flow measurement assemblies, ft2. 

scf - hr 
K        = Conversion factors for air at standard conditions, 0.2227  . 

lb - min 

Xm;  = Sum of mass flow meter measurements, pounds per hour (Ib/hr). 

This method was intended to be used in conjunction with the tracer-gas-flow 

measurement method. It had the advantage of simplicity since the data from the 12 

flow meters was collected in a data logger and required minimal attention after 

installation. The major disadvantage of this method was the assumption of uniform flow 

across the inlet. At some inlet locations, wind direction and speed altered the flow 

distribution. Also it is suspected that turbulence around the flow meters biased the 

results. The measured inlet flows did not compare well to the calculated and tracer 

outlet flow methods. Therefore, the inlet flow measurements misrepresent the total flow 

and are not included in this report. The test cell inlet flow was not measured at 

Charleston AFB, Edwards AFB, Naval Aviation Depot Cherry Point, and Barnes Air 

National Guard Base. 

3.5   COMPARISON OF EXHAUST FLOW DETERMINATION METHOD WITH 
HISTORICAL EMISSION CALCULATION METHODOLOGY 

A review was made of the SAE Aerospace Information Report 1533, "Procedure 

for the Calculation of Basic Emission Parameters for Aircraft Turbine Engines" in an 

effort to complete particular emission index calculations for comparison with the results 

published in this report. In brief, the emission index values that were calculated using 

the carbon balance volumetric flowrate were nearly identical to the values that are 
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determined by the SAE 1533 calculation. This is not surprising because the two 

methods are based on the same mass balance principles. 

The SAE 1533 procedure is based on a mass balance for the combustion 

equation with C02, CO, CxHy, NO/N02, and H20. The intent of the method is to 

determine an emission index (lb pollutant/1000 lb fuel) by measuring only C02, CO, 

NO/N02 and THC (as C1 Ha) in the exhaust, and analyzing the fuel. A significant 

portion of the procedure is spent determining instrument measurement interferences 

that have been eliminated by improvements in instrument design since 1982. The 

instruments used during the test program (with the exception of the C02 analyzer) are 

not affected by the type of interferences treated in the method, and the C02 analyzer is 

now measured on a dry basis to remove the known H20 interference. Other details of 

the mass balance manipulations are not meaningful for our specific program because 

of the large amount of excess air present in the test cell exhaust. The SAE 1533 

method also assumed a steady inlet C02 concentration of 320 ppm. The 

measurements throughout this test program indicated the test cells frequently 

experienced an elevated C02 level. 

Despite these differences, it was relatively easy to input actual test cell 

concentration measurements for C02, CO, THC (as CH4), NOx(as N02), as well as a 

few fuel parameters and ambient humidity, to calculate the emission indexes which are 

compared to the results reported in this section. Corrections for measured 

concentrations of C02 and THC at the inlet were included in the calculations. Table 3- 

1 presents the comparison of emission indices between calculation methods for the 

F101-GE-102 engine from Tinker AFB at idle, military, and afterburner. 
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Table 3-1. Emission Index Comparison 

F101-GE-102(B-1B) 

Engine Setting 
NOx 

(lbs/1,000 lbs fuel) 
CO 

(lbs/1,000 lbs fuel) 
THC 

(lbs/1,000 lbs fuel) 
IDLE SAE1533 

EQ/WESTON - 
Carbon Balance 

EQ/WESTON - 
Tracer Gas 

3.67 

3.47 

4.10 

20.62 

20.70 

24.47 

o1 

o1 

o1 

MILITARY SAE1533 

EQ/WESTON - 
Carbon Balance 

EQ/WESTON - 
Tracer Gas 

11.36 

11.62 

12.83 

0.768 

0.75 

0.83 

0.17 

0.10 

0.37 
Afterburner 

SAE1533 

EQ/WESTON - 
Carbon Balance 

EQ/WESTON - 
Tracer Gas 

16.19 

16.69 

16.91 

44.33 

42.94 

43.47 

61.09 

61.03 

61.82 

1 The measured outlet concentration was less than the measured inlet concentration. 

The close comparison between the values calculated in this report and the 

values calculated by the SAE 1533 method was expected. As stated previously, the 

SAE Method uses an extensive mass balance equation, which at one point was used to 

determine the fuel to air ratio of the exhaust. The fuel-to-air ratio is directly dependent 

on the volumetric flowrate of the exhaust. This fuel-to-air ratio was then used to 

calculate the emission index.   The carbon balance calculation used in this report's 

procedure focuses on the single carbon mass balance to determine the fuel-to-air ratio, 

then uses the measured fuel consumption to solve for the volumetric flow rate. The 
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volumetric flow rate was then used to calculate the mass emission rate, and the mass 

rate was converted back to the emission index by dividing by fuel consumption. 
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SECTION 4 

RESULTS 

Particulate matter was sampled by a custom Method 5 procedure at Kelly AFB, 

Laughlin AFB, Tinker AFB, Charleston AFB, Edwards AFB, and Barnes ANGB. The 

procedures used in the custom method are described in Section 1 of this volume. 

Particulate matter results, which were obtained utilizing strict EPA Method 5 Protocol 

(full traverse), are also presented in this Volume. The following sections discuss the 

particulate matter emission results. The results are discussed to note data outliers, 

pollutant trends, and pollutant corrections for ambient concentrations. 

4.1 CORRECTION OF PARTICULATE DATA FOR BACKGROUND 
CONCENTRATIONS 

The concentration of particulate matter measured in the exhaust stream was 

corrected for ambient background concentrations. The following hierarchy was used in 

the correction of the source (engine exhaust) data. 

If the exhaust concentration was below the analytical detection limit, then 
the value reported is the method detection limit. 

°        If both the exhaust and the ambient background concentrations are above 
the detection limit, the ambient value is subtracted from the source value. 
If the ambient sample exhibited excessive blank contamination, the 
source value was not corrected for ambient background. 

0        Ambient corrections for the F118-GE-100 engine were not made. The 
engine exhaust was re-entrained into the test where the ambient sampling 
equipment was located. These ambient data were biased high. 
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The correction of the source data with the ambient data was based on the 

concentrations measured. Correction was possible because the mass of air entering 

the test cell was nearly equal to the mass exiting the test cell. The increase in mass 

flow at the exhaust as a result of fuel combustion was negligible. 

Paniculate matter collected as part of the filterable portion of the sample train 

was corrected for the ambient background particulate concentration level. The 

condensable particulate portion of the sample was not corrected for ambient 

concentrations. Total particulate matter reported in this section is equal to the sum of 

the filterable particulate, corrected for the ambient background, and condensable 

particulate. 

4.1.1 Calculation of Pollutant Averages 

The particulate matter emission averages are typically the average of each of 

the three sample runs. If a sample run was void, however, the data is not included in 

the average. 

4.2 SOURCE ANALYTICAL DATA 

Blank samples were collected for each sample group. Where appropriate, the 

analytical results were adjusted to reflect constant blank contamination in the sample 

media. 

All particulate data were corrected for solvent blank contamination as specified 

by EPA Methods 5 and 202. The filterable particulate portion of the sample was 

corrected for residue found in the acetone blank sample. The condensable portion was 

corrected for residue in both the distilled water and methlyene chloride blank samples. 

A substantial influence in the particulate sample results and other measured 

parameters was the amount of dilution air that was present in the exhaust stream. 

Dilution air was the result of both ambient air drawn through the non-combustion 
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portion of the engines and from the induced draft through the test cell from engine 

operation. The addition of dilution air resulted in very low particulate concentrations at 

the exhaust. The low particulate concentrations at the exhaust were compounded by 

the fact that many of the newer engines emit lower quantities of pollutants. This 

resulted in particulate concentrations that were near the method detection limit. 

Results near a method detection limit fluctuate as a result of normal method variability. 

For particulate sampling, method variability is the combination of three factors: 

analytical, sample media, and sample collection variability. Both analytical and sample 

media variability can be estimated based on the method allowable differences and 

results from media blanks. Sample collection variability is more uncertain and can be 

based on many factors including sampling technique, sample recovery and cleanup 

methods, and the individual performing each task. Therefore it is difficult to quantify. 

The analytical method requires that each pre-test and post-test sample fraction be 

weighed a minimum of two times with the difference between the two weighings not to 

exceed +/- 0.5 mg. This would equate to a maximum variation of 0.25 mg/m3 based on 

both pre and post sample weights and a 70-cubic foot sample volume. The results 

from media blank samples also vary and are dependent on several factors: media lot, 

blank media collection methods, laboratory handling, and analytical procedures. Based 

on several blanks collected during this program, it was not uncommon to have 

variations of 1.0 mg for the same media. The levels of contamination or the variation 

are not significant but indicate that variations between individual samples do occur due 

to handling and analytical practices. A variation of 1.0 mg would equate to 0.5 mg/m3. 

Sample results were extremely low and results from individual particulate runs were 

often less than 2.0 mg/m3 where method variability would have a significant influence. 

To decrease the effects of method variability, the sample size was increased. 

This was done for all sampled parameters that benefited from an increased sample 

size. The particulate sample size collected was generally greater than 70 cubic feet 

(normally 30-50 cubic feet are collected in a typical test) over a one-hour sample period 
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while maintaining an isokinetic sampling rate (70 cubic feet is near the limit for the 

sampling equipment over a one-hour period). Alternatively, sample size can also be 

increased by extending the sample period. This was performed for the other methods, 

but it was thought beneficial to see if there was variability from run to run for the 

particulate samples. It appears the variability in the results is from method variability 

rather than engine variability. The conclusion is supported by the CEM data, which 

showed virtually no difference from hour to hour, indicating that combustion 

parameters, which affect particulate emissions, remained constant. The three-run 

average for the particulate samples accounts for method variability and therefore 

presents the most representative value. 

4.3 ENGINE SPECIFIC EMISSION DISCUSSION 

This section provides descriptions of any testing or operational anomalies that 

occurred during this sampling program. This section is designed to supplement and 

provide additional information so emissions for each engine can be properly evaluated. 

The tabulated emission results follow each one of the discussion sections. Please note 

that particulate matter emission factors for the GTCP85-180, GTCP165-1, T700-GE- 

700 and T64-GE-100 are provided in the following sections. These engines were 

tested at facilities where strict EPA Method 5 procedures were followed. In addition, 

the following sections contain particulate matter results for the remaining engines, 

which were sampled using a custom Method 5 sampling procedure. These results 

were calculated using flowrates calculated by tracer gas dilution and carbon balance. 

The results are currently under review and will therefore be treated as sampling data for 

emission estimation as opposed to emission factors. 

All emissions data are reported as pounds per hour (Ib/hr) and pounds per 1,000 

pounds of fuel usage (lbs/1,000 lbs fuel). The average of the three runs for each 

engine condition is also reported. Emission rate averages include both detected values 

and the values that are reported as the detection limit. When a run was lost for any 
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reason, however, a blank is shown in the summary table and the reason for losing the 

run is discussed in the write-up preceding the tables. 

The origin of the flow method (tracer gas, carbon balance, F-factor) used to 

calculate the emissions data is noted in the header of each table. Flow rate was 

calculated by tracer gas, carbon balance calculation, or F-factor calculation. 

A review of individual sampling runs for the same engine power setting identified 

inconsistencies between the runs. The evaluation of the significance of the run-to-run 

differences is made more difficult because many of the samples were at or near the 

detection limit of the method. This is the result of analytical and sampling method 

uncertainties that occur at, or near, the detection limit. It is important to note that the 

relative differences in mass loading are very small even though the relative 

concentration is sometimes two to three times that of another run at the same engine 

setting. As the measured concentration increases, the percent difference between 

replicate samples decreases. Uncertainties are reduced when sample results are not 

near the detection limit. A general summary of the paniculate results obtained using 

the custom Method 5 procedure is provided in Table 4-1. 
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Table 4-1 
Particulate Matter Emission Summary 

Fuel Flow Filterable Particulate Total Particulate 
Engine/Setting lbs/hr lbs/hr lbs/1,000 lb fuel lbs/hr lbs/1,000 lb fuel 

T56-A-7 
Idle 724 1.27 1.75 2.63 3.64 

Approach 880 1.47 1.67 3.38 3.85 

Intermediate 1742 1.57 0.90 2.54 1.46 

Military 2262 2.01 0.89 2.76 1.22 

TF39-GE-1C 
Idle 1448 0.59 0.41 4.05 2.77 

Approach 10477 7.92 0.75 12.52 1.19 

Intermediate 12541 6.47 0.52 11.15 0.89 

Military 13862 5.77 0.42 16.40 1.18 

GTCP85-180(APU) 
Constant Setting 270 0.15 0.55 0.19 0.72 

GTCP165-1 (APU) 
Constant Setting 273 0.09 0.35 0.13 0.48 

J69-25 
Idle 167 0.28 1.68 0.53 3.16 

Intermediate 872 0.47 0.54 0.82 0.93 

Military 1085 0.32 0.29 0.73 0.67 

J85-5A 
Idle 434 0.35 0.68 2.40 4.70 

Intermediate 950 0.88 1.10 1.43 1.79 

Military 2740 2.68 1.08 2.79 1.13 

Afterburner (Zone 1) 8138 1.26 0.16 1.93 0.25 

F110-GE-100 
Idle 1111 1.65 1.49 2.89 2.61 

Approach 5080 2.34 0.46 6.94 1.37 

Intermediate 7332 1.22 0.17 4.22 0.57 

Military 11358 1.58 0.14 1.58 0.14 

Afterburner (Zone 1) 18088 6.72 0.37 60.57 3.34 
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Table 4-1 
Particulate Matter Emission Summary 

Fuel Flow Filterable Particulate Total Particulate 
Engine/Setting lbs/hr lbs/hr lbs/1,000 lb fuel lbs/hr lbs/1,000 lb fuel 

F108-CF-100 
Idle 1136 2.17 1.91 2.35 2.07 

Approach 2547 2.02 0.79 3.95 1.55 

Intermediate 5650 1.64 0.29 3.66 0.65 

Military 6458 3.66 0.57 10.27 1.59 

TF33A-P-7 
Idle 1093 2.54 2.33 6.69 6.13 

Approach 4884 10.81 2.21 17.95 3.68 

Intermediate 6356 22.65 3.57 33.59 5.29 

Military 8264 19.35 2.34 29.55 3.58 

F101-GE-102 
Idle 1117 1.36 1.21 2.43 2.17 

Approach 4533 2.15 0.47 19.10 4.23 

Intermediate 6557 4.10 0.63 8.84 1.35 

Military 7828 3.68 0.47 13.11 1.68 

Afterburner (Zone 1) 15314 7.11 0.46 43.87 2.86 

T700-GE-700 
Idle 134 0.07 0.51 0.20 1.48 

Flight Idle 469 0.56 1.19 0.59 1.26 

Flight Max 626 0.81 1.29 1.39 2.22 

Overspeed 725 1.01 1.39 1.89 2.60 

TF33-P-102 
Idle 1114 1.00 0.90 5.53 4.98 

Approach 4737 8.98 1.90 16.82 3.55 

Intermediate 5782 9.99 1.73 18.22 3.15 

Military 7561 11.28 1.49 19.02 2.52 

F117-PW-100 
Idle 978 1.88 1.90 10.43 10.54 

Approach 4645 2.00 0.43 25.69 5.52 

Intermediate 10408 9.32 0.90 24.06 2.31 
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Table 4-1 
Particulate Matter Emission Summary 

Fuel Flow Filterable Particulate Total Particulate 
Engine/Setting lbs/hr lbs/hr lbs/1,000 lb fuel lbs/hr lbs/1,000 lb fuel 

F118-GE-100 
Idle 1097 0.23 0.21 1.37 1.25 

Approach 3773 8.99 2.41 17.73 4.47 

Intermediate 6350 2.08 0.19 19.37 1.78 

Military 10887 1.76 0.16 17.89 1.64 

F404-GE-F1D2/400 
Idle 685 0.94 1.37 3.06 4.48 

Approach 3111 1.81 0.58 4.53 1.46 

Intermediate 6464 4.35 0.67 10.17 1.57 

Military 7739 5.58 0.72 12.48 1.61 

Afterburner (Zone 3) 15851 5.75 0.36 56.55 3.57 

T64-GE-100 
Ground Idle 298 0.06 0.21 0.70 2.36 

75% Normal 941 1.43 1.52 1.85 1.96 

Normal 1698 1.24 0.73 2.73 1.60 

Military 1848 1.53 0.83 1.69 

TF34-GE-100A 
Idle 498 2.26 4.38 4.05 8.00 

Approach 933 3.82 4.09 5.79 6.19 

Intermediate 1512 2.99 1.98 13.50 8.93 

Military 2628 2.58 0.98 6.99 2.67 
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4.3.1 Engine T56-A-7 

Tracer gas was used for flow determination since it yielded the most consistent 

and reasonable results. The carbon balance calculations indicate that flow rates during 

idle and approach conditions were similar. Carbon balance flow at the intermediate 

power setting had a higher calculated flow than the flow at the military power'setting. 

Also, the velocity measurements collected during single point manual sampling 

confirmed the reasonableness of the flow rate calculated using tracer gas flow data. 

Tables 4-2 through 4-6 present the emissions factor summary and the engine 

operating parameter summary for T56-A-7. 
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4.3.2 Engine TF39-GE-1C 

Carbon balance flow rate calculations yielded the most consistent results. 

Several problems occurred with the tracer gas distribution system during testing. The 

very high velocities in the augmenter tube damaged the original tracer gas distribution 

system. The tracer gas mass flow meter was also damaged by JP-8 fuel when the test 

cell experienced a fuel leak. 

Tables 4-7 through 4-11 present the emissions factor summary and the engine 

operating parameter summary for TF39-GE-1C. 
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4.3.3 APU GTCP85-180 

Actual flows were measured following EPA Method 2 procedures because 

emissions were exhausted through a single stack. The concentration and mass 

emission rate of particulate matter was determined using the protocol outlined in EPA 

Reference Methods 1-5. 

Tables 4-12 and 4-13 present the emissions factor summary and the engine 

operating parameter summary for GTCP85-180. 
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4.3.4 APUGTCP165-1 

Actual flows were measured following EPA Method 2 procedures because 

emissions were exhausted through a single stack. The concentration and mass 

emission rate of particulate matter was determined using the protocol outlined in EPA 

Reference Methods 1-5. 

Tables 4-14 and 4-15 present the emissions factor summary and the engine 

operating parameter summary for GTCP165-1. 
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4.3.5 Engine J69-T-25 

Tracer gas was used to determine the flow rate at each power setting. This 

provided the most consistent flow rate values for each sampling run and engine setting. 

Tables 4-16 through 4-19 present the emissions factor summary and the engine 

operating parameter summary for J69-T-25. 
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4.3.6 Engine J85-GE-5A 

Carbon balance was used to determine the flow rate at each power setting. 

Carbon balance was the most consistent. The flow rates calculated using tracer gas 

methodology matched the carbon balance at all power settings except afterburner. 

Tracer gas was not used in the afterburner power setting due to high temperatures in 

the augmenter tube. The tracer gas release points were located directly in the 

afterburner flame. A significant portion of the SF6,if used, would have been 

dissociated. Carbon balance calculations indicate a higher flow rate at the military 

power setting than at the afterburner power setting. This does not compare favorably 

with anticipated engine operating conditions. The flow at the afterburner power setting 

should be considered biased low. 

A zero was reported for the condensable particulate of Run 1 for the military 

setting. This is attributed to a blank concentration. The sample was corrected against 

a blank that contained more particulate than the sample. 

Tables 4-20 through 4-24 present the emissions factor summary and the engine 

operating parameter summary for J85-GE-5A. 

P:\3000\3114\3114-08B\Final Report\Post6octcomments\Volume 3\SECTION4.DOC 



(0 
E 
E 
3 

00 
CO 

O 0)   g LL 

a> 
u 
c 
ra 
«i 

_        _        m 

3 "S ^  ©   o 

13 ,2  | LU -   8 
m <o«9       £ 

CQ-U) > 
O       co        J 
»       "*        "- 
(0 

£ 
UJ 

0) 

(0 

O 
o CD CO CM oo o_ 3 K CM a> 
T— 

CO 
.Q 

CO O CD 
a> ^0 d "* ^ 
ö) £ re 
a) 
> 
< k_ CO 05 in 

s: ■3- m o 
!a co o ■3- 

CD CM CM 

o 
o "Ö CO o CO 

3 <tf T— in ^-~ M— 
CO 1^ CO 

(0 
co ;Q CD CO ■* 

CO .Q 
T— __ 

« O) 

in 
L_ O 00 CO 

-C CO o CO 
]5 CO CD CM 

CD CM 

o 
o "03 ,— CO K 

w o 3 CO ■* 
a> 1— 

CO 
^ CM CO 

.n "co CD CO co 
E 
3 CM 

CM 
CD 
CO 

.Q 

z 
C m 

i_ T— CO in 
3 .C CM in r~- cc .Q CM cq 00 

CD T_ T— 

o 
o 
CD 

"Ö5 m co CO 
3 m co CD 

■i— 
CO 

a> O 
~C0 CD in" CD 

OJ .a 
CO 
co 
CD 
in 

L_ N. o h~ 
.C co CM o 
£ -* CO T— 

O CM CO 

_, 
a> 

"ST 35 
E J2 (0 

CO 
s- 

u 
(0 

CO 

CD 

c 
0> 

(0 

o 
■a 0) +* "D 4-* 

<u * JS c 
o (D 4- 

(0 
cc 

(0 
c 
< 

<U 
4-» 

u 
3 
U 

5 o 
Li. 

3 
O 

'■E 
CO a 

re 
3 
U 

■■E 
CO 

r 
A3 
0. 

a. 



(0 

E      co        « 

| 8 o ■£ "■ t: 

o 
(0 
(0 

E 
LU 

iii E ^ 

00 o 
-3 EL 

o 
o 0) O) o> co o 3 C5 00 oo 
T-^ **~ q CD r- 

0> Is CO 
.O T— d T-i 

O) .Q re 
0) 
> 
< L_ O) CM y— 

.c r~ in CO 
Xi CO m <tf 

d d T— 

O 
O "55 CD 05 Tl" o 3 in N 
T- CO 

m to co 
If) 1/5 d d T-^ 

h- .Q 

CO co 
CM 
'1— 

i— CD r-. (M 
.c •* m O 
!o ■vt- CD ■"-; 

d d 
" 

O 
o "CD CO co CD 

^ o 3 in o CD 
<u T— "4— 

CD in T~ 
A ,_ In CO d d ,-: 
E CM £ 
3 z CM 

CM 
C T- k— r- h~ ■* 
3 .c CM o CO cc _Q in *r en 

d d d 

O 
O "05 •* o in 

3 co ■* C\J 
T— 

CO 
o r- oo 

oo "35 c\i d CM 
Tl- .a "~ 

^ CD 
CM 
co 
t~ i__ in CM h- 

SZ CD CD m 
~h CD in <M 

" 
d CM 

^ 
0) 

"ST .Q 

E si ra 
<0 

i- 
u (0 

0) 
c 
0) o 

TJ a> ** ■a ** 

oT % •C^ c 
o 0) 

n 
DC 

(0 c 
< ra 

u 
CD 

TO 
3 
U 

5 o 
3 
Ü 

re 
3 ■■E 

li. t 
ra 
Q. 

U 
r 
ra 

0. 

a 



(0 

E 
E 00 
3   to m 

CM  (/)   S  J. 
c\i  »_ -S C 

O   ™ 

(U 
u 
c 
re 

"*   +5 ■=  <   (0    o 
<D o g in .ts -e 
A   M      *-   HI   1=     U 

(0 5Y c ü. m g 
0      00 0 

»      "» u. 
(0 

E 
UJ 

0 
0 0 CO 10 CO 

3 00 ■* CM 
,-T **" q 0 T— 

<D ~w 03 
_Q 0 ^ 

Ö) X) 
n 
0 > 
< L_ r^ lO 00 

x: r- CO 00 
xi CO ■»"" i~- 

CM 0 CM 

0 
0 
co 

"0 
3 

CO ■St- 
CM ^— **" 5; y- in co 

•Si- C/3 XJ T- CD T— 

m Xl 

CO CO 
CD 
t^ 
CM i_ "S|- O ^t 

x: CO 00 ■^t 
£ ■sr CM N 

co O CO 

0 
0 0 1-^ O CO 

i_ 3 0 CM CM 
0) 1— **~ CO O co 

E ■st- ^0 
CO 
XI T_: O 

0 -0 
3 z CM 1^ 

co 
co 

c CM i_ ■* O ■<* 
3 x: •* LO O) 
(£ ri CM O CM 

CO O CO 

0 
0 
<q O O O O 

3 CO O CO ^— H— 
lO O in 

CO 
CO co XI Ö Ö 0 
10 xj 

T™ CD 
CO 
CM k_ LO O m 

x: CM O CM 
!Q CO O CO 

" 
O T— 

- 
^mm* 'm 

E 
0) ja 

CO «£. 
»^ a CO CO 
0 i_ c ■♦■* 

0 (0 0 CD 
T3 <D +* 

"O w 

flT "5. ■s c 
0 

CD 

CD 

(0 
EC 

(0 
c 
< 

0) 
4-» 

re 
3 
0 

3 
0 
u. 

3 
Ü 
c 
(0 
a. 

« 
3 
U 
t 
CO 

■•E 
re 
a. 

Q. 

t 
o 
Q. 
0 
i_ 

CO 
x: 

"o 
co 
co 
■* 

c 
0 
o 
0 

CO 

CD 
XJ 
*i_ 
Ü 
CO 
0 

T3 

CO 

CO 
c 
CD 
E o 
c 
CD 
x: 
Q. 

10 
O 

CO 
c 
co 

"o. 
E 
co 
CO 

co" 
CO 
0 
Ü 

2 
Q. 

X> 
0 
C 

JO 
a. x 
0 
0 
XI 

co 
ü 

to 

.0 
*•* 
o 
B 
to 
D 



CO 

E 
E 

COW   8 

■^ c a. 
o 
w 
(0 

E 
LU 

00   ffi    » 
n  c   S 
|_     O      TO 

<r c 
in o 
iii E 
<?i in t: 
co a> 

< 

o n 
re 
Ü 
>. 
xi 

o 
IL 

o 
o CD •* h- 1_ 
o_ 3 CD co in 
T- 

co 
XI 

i— o CM 
0) lo d d d 
O) Xl re 
w 
a> > 
< L_ CO CM in 

sz CD N- CO 
£ CM CO CD 

i— d 
" 

o 
o "05 in in CD o ^ CO CM in 
T- 

CO 
X) 

T-; CM CO 

O) ~co O d d 
05 x> 

m CM 
■* 
CM l_ 00 CM o 

x: CO co i-- 
]g q N; i-- 

CM 

o 
o "CD oo ,_ CD 

k. 
o_ 3 CO T— a> 

<D T— ' 1— o i— 

A 
CM ^5 CO 

Xl d d d 
E CD XI 
3 
z CM 1*- 

CM 
C CM L_ o ^ "* 
3 x: in CO co 
oc X) ■* o in 

T_ d r~ 

O 
o 0 oo CD ^f o 3 

CO 
xi 

CD CM 
O 

05 

O ^o d d d 
O) X2 — 

i- 
CO 
CO 
CM 
CM 1— CD T~ o 

x: CT> O o 
£ CM CM LO 

T— d 1— 

'S" 
5T Xl 

(0 «"•"»n 

E .Q 
n (0 

c re 
u 0) a> o 
(0 

T3 

«T 
4-* 
(0 

DC 

a> 

<o 
c 
< JE 

■a 
c 
o 

U 

0) 
re 
3 
O 

5 
3 
O 

re r 
o C 

3 
O 

re 
u. re 

a re 
0. 

t: 
o 
D. 
CD 

O 
CD 
CO 

■*' 

c 

o 
CO 

CO 

-a 
co 

XJ 
*i_ 
ü 
CO 
CD 

T3 
CO 

CO 

co 
c 
CD 
E 
o c 
CD x: 
Q. 

TO o 

CO 
c 
CO 

CD _c 
"a. 
E 
CO 
CO 

co" 
CO 
CD o o 

XI 
T3 
CD 
c 
jo 
Q. 
X 
CO 

CD 
XI 
c 
co 
ü 

to x: 
■^^ 

CO 

.CD 

o 
ro 
to 
Q 



C\l 
4 
o 
n 
(0 
I- 

(0 
E 
E 
3 

(/) 
i_ 
<D 

1  CO 
E eo 
£h 

CL < 

c in 
'S   00 
<0  "3 
i_ 
<D a 
O 
Q) 
C 
'5> 
c 

UJ 

.«—^ 
T- 

0 c 
o 
N 

oo cvi -* 
ID 
co" 

r^ in o o 
Q> c 

CM CO 

CO 

-t 1— 

CO CD 

3 
T" CM K CO ~" 

Si >- a> 
»^ 
< 

co 

i 
Ol 

ID 

CM 

LO 

CD" 
T— 

o 

oo 
CM 

CO 
CO 

CO 

co 
CM" 

o 
00 
CO 

o 
>•■* 

co 
■o 

E 
O 
O 

CD 

-* 
CM" 

oo 
cd 
(M 

CD 

CD 
00 

o 
o 

o 

0) ' 
4-» 
C 

CO CM oo -j- a> CD T— -*■ r- CD 
■o ~~ en ■* O) CO 

CO CM CD 

LL to 
-I 

<T 

E 
0 

T3 
X- 
■♦—' 

E 
-J 

E E 
a. 

T? 

0 
3 CO 

T3 
a 01 >. (fl c X 
a 01 .'— 

0 
Q. 
E 
0 

71 CO 
o> „ o u o F 
ai S CO E Cl •*—» 
E 0 -t—• 

CO 
C- 
0 

CO 
"(V) Dl — 3 a 

CO -j C U) 0 r 0 
a. U- UJ U u h- Q. 



Test Report 
Volume: 3 
Section: 4.0 
Revision: 2 
Date: November 1998 
Page: 38 of 105 

4.3.7 Engine T700-GE-700 

Actual flows were measured following EPA Method 2 procedures because 

emissions were exhausted through a single stack. Measured flows were consistent 

between the particulate, semivolatile, and formaldehyde sampling trains. However, 

measured flow values were inconsistent between engine power settings. The exhaust 

flow rate was less during the overspeed power setting than at the flight max power 

setting even though the engine combusted more JP-8 and created more shaft 

horsepower. The flow rate was measured in the field by several individuals and three 

sets of independent sampling equipment. After review, the field data confirmed that the 

flow rate results presented are valid. 

It is possible that the test cell is undersized for the particular engine setting. The 

test cell exhaust represents a critical orifice above a certain exhaust volume, resulting 

in a decrease in the total flow. This assumption is logical, as there was a significant 

increase in the exhaust temperature between flight max and overspeed conditions. 

The increased temperature would result in the exhaust gas occupying a greater volume 

within the augmenter tube. Since the engine was not starved for combustion air (based 

on the engine operating parameters), the concentrations in our measurements may be 

higher since the dilution air and flow through the tube is decreased. The high 

concentration with the lowered exhaust flow results in the same mass flow of pollutants 

at the theoretical exhaust rate. For example, if the flow rate increased with a properly 

sized exhaust, the concentration would decrease resulting in a comparable mass 

emission rate to those presented in the report. 

PM results between Run 2 and Runs 1 and 3 differed greatly at the flight max 

setting. The raw data for Run 2 was reviewed to note any errors. Field and analytical 

data showed no errors. The difference can be attributed to method variability, since 

results are at or near the method detection limit. 

Tables 4-25 through 4-29 present the emissions factor summary and the engine 

operating parameter summary for T700-GE-700. 
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4.3.8 Engine TF33-P-102 

Tracer gas was used to determine the flow rate at each power setting. Carbon 

balance was not consistent with the expected flows at each engine power setting. 

Tables 4-30 through 4-34 present the emissions factor summary and the engine 

operating parameter summary for TF33-P-102. 
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4.3.9 Engine TF33-P-7/7A 

Carbon balance was used to determine the flow rate at each power setting. The 

tracer gas system was not available until the military power setting. The spare SF6 

cylinder leaked during storage and was empty upon arrival for testing. During testing at 

the approach power setting, Run 2, an oil leak occurred in the engine. Due to the 

probe and nozzle exhibiting an oil residue when pulled from the stack, paniculate 

matter results were biased high and voided. 

Tables 4-35 through 4-39 present the emissions factor summary and the engine 

operating parameter summary for TF33-P-7/7A. 
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4.3.10 Engine F108-CF-100 

Tracer gas was used to determine the flow rate at each power setting. It showed 

more consistent results than carbon balance, which gave erratic results from run-to-run. 

A zero was reported for the condensable paniculate of Run 2 for the idle setting, 

Run 1 for the approach setting, and Run 3 for the intermediate setting. In each case, 

this is attributed to a blank concentration. The sample was corrected against a blank 

that contained more particulate than the sample. 

Tables 4-40 through 4-44 present the emissions factor summary and the engine 

operating parameter summary for F108-CF-100. 
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4.3.11 Engine F101 -GE-102 

Tracer gas was used to determine the flow rate at each power setting. 

For the approach setting, the catch weights for the condensable fraction are -17, 

9, and 1. Close observation of the lab data indicates a possible error on the tare 

weight of the run 3 back half water. 

Tables 4-45 through 4-50 present the emissions factor summary and the engine 

operating parameter summary for F101-GE-102. 
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4.3.12 Engine F110-GE-100 

Tracer gas was used to determine the flow rate at each power setting. The 

tracer gas methodology exhibited consistency between all engine power settings except 

afterburner. There was an increase in the exhaust flow rate when moving from the 

military to the afterburner power setting. However, the increase in the flow rate was 

less than expected. The flow measured at the afterburner power setting may be biased 

low due to excessive interference of ethylene with the tracer gas during FTIR analysis. 

Ethylene was measured to be approximately 10 ppm, whereas SF6 was measured to be 

150 ppb. Alternately, the exhaust volume may have exceeded the test cell capacity for 

this engine. This was explained previously in Section 4.4.7 of Volume 2 and in Section 

4.3.7 of this volume for the T700-GE-700 helicopter engine. 

Tables 4-51 through 4-56 present the emissions factor summary and the engine 

operating parameter summary for F110-GE-100. 
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4.3.13 Engine F117-PW-100 

Tracer gas was used to determine the flow rate at each power setting. 

Emissions sampling was only conducted at three power settings: idle, approach and 

intermediate. Testing could not be conducted at the military power setting due to this 

engine's operational time limitation within a test cell environment. 

During the paniculate matter sample collection at the idle power setting for Run 

2, the impinger water backwashed into the filter holder and wetted the filter during the 

final leak check. If all the moisture was not removed from the filter during filter 

desiccation, the filterable particulate fraction may be biased high. The result for the 

filterable particulate fraction from idle Run 2 is in fact higher than that for either of Run 1 

or Run 3. Because of the typical variability noted for particulate samples, however, the 

difference may be the result of normal method variability and not a bias induced during 

sample collection. Therefore, the result is included. 

The final sample train leak check for the particulate sample, intermediate power 

setting, Run 3 had an excessive leak. The leak occurred when the connection between 

the probe and the sample filter was jarred during the sample train removal from the 

stack. The sample data confirmed that the leak was not present during this test. The 

moisture collected during the sample run was consistent with moisture volumes 

collected during Run 1 and Run 2. 

Tables 4-57 through 4-60 present the emissions factor summary and the engine 

operating parameter summary for F117-PW-100 (C-17) 
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4.3.14 Engine F118-GE-100 

Tracer gas was used to determine the flow rate at each power setting. The 

paniculate matter sample collected during the approach power setting Run 1 was void 

due to broken glassware that resulted in an excessive leak during sampling. This is 

shown as a blank in Table 4-62. 

Tables 4-61 through 4-65 present the emissions factor summary and the engine 

operating parameter summary for F118-GE-100. 
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4.3.15 Engine F404-GE-F1D2/400 

Tracer gas was used to determine the flow rate at each power setting. 

The afterburner power setting was run between afterburner zones 2 and 3 (mid 

afterburner) power setting. All other engines tested during this program were run at 

afterburner zone 1 (minimum afterburner) power setting. The higher afterburner setting 

appears to have resulted in relatively lower emissions when compared to other engines 

tested during this program. 

The particulate matter sample collected during the idle power setting Run 3 had 

an overall negative moisture catch in the sample train. It appears that the sample train 

did not start with the correct liquid volume. The average of the moisture values from 

the Idle power setting Run 1 and Run 2 was substituted for Run 3. 

Tables 4-66 through 4-71 present the emissions factor summary and the engine 

operating parameter summary for F404-GE-F1D2/400. 
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4.3.16 Engine T64-GE-100 

Actual flows were measured following EPA Method 2 procedures because 

emissions were exhausted through a single stack. Measured flows were consistent 

between the particulate, semivolatile, and formaldehyde sampling trains. 

Due to severe weather conditions while testing at the ground idle engine setting, 

testing was terminated after two hours. 

Tables 4-72 through 4-76 present the emissions factor summary and the engine 

operating parameter summary for T64-GE-100. 
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4.3.17 Engine TF34-GE-100A 

Tracer gas was used to determine the flow rate at each power setting. The 

combination of the high by-pass design of the TF34-GE-100Aand large amount of 

dilution air (as the result of induced draft in the hush house configuration) resulted in 

very low pollutant concentrations. The measured concentrations were very low and 

concentrations showed little change between various engine operating conditions. Also 

noted during testing was stratification of the engine exhaust in the augmenter tube. 

This was probably the result of the upward angle of the engine directing exhaust 

towards the top of the augmenter tube. Sampling for all pollutant parameters was not 

affected by the stratification as samples were collected in the upper half of the 

augmenter tube where the central part of the exhaust plume was located. 

Particulate sample collected during the intermediate power setting Run 3 

exceeded the allowable final leak rate (0.038 cfm). It appears that the slight leak was 

present during testing, thus biasing the sample result low. The sample was not 

corrected for the leak, as the correction would be less than 1.5%. 

Tables 4-77 through 4-81 present the emissions factor summary and the engine 

operating parameter summary for TF34-GE-100A. 
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SECTION 5 

PARTICULATE MATTER RESULTS COMPARISON 

Particulate matter (PM) results provided in this volume included results 

measured by a custom Method 5 procedure and results measured by traditional EPA 

procedures. This section describes two alternate sampling methods that have been 

employed in previous emission sampling programs. Results obtained in those sampling 

programs have been compared to the data gathered by the custom Method 5 

procedures. A discussion of the comparison is provided that explains differences and 

similarities between the methods. 

5.1 ALTERNATE PARTICULATE SAMPLING METHODS 

The Aircraft Environmental Support Office (AESO) and Battelle Laboratories 

conducted previous emission sampling programs. The sampling methods used during 

each program for measuring particulate matter are discussed in the following 

subsections. 

5.1.1 Aircraft Environmental Support Office 

The sampling was performed at the exit plane of a concrete stack. The stack 

contained acoustical baffles that remained intact during the test project. The design of 

the test cell baffle assembly divided the stack into 15 rectangles of equal area. 

Preliminary velocity measurements were made in 2 of the 15 rectangles. Each 

of these rectangles was subdivided into 15 points. Therefore, measurements were 

taken at a total of 30 points. The consistency of the data demonstrated minimal flow 
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stratification and showed that the baffles did not affect the sampling strategy. It was 

determined from the velocity traverses that the plane of the stack would be divided into 

45 rectangles, the center of each constituting a representative sampling point. 

No ports were installed on the test cell. All testing was performed over the lip of 

the rectangular stack. A monorail system was used to support the sampling train so 

that the distance between the probe and the lip of the stack would not exceed 4 inches. 

Two sampling trains, designated as north and south, were used to traverse the 

entire stack. The north train sampled 18 points and the south train sampled the 

remaining 27 points. During several tests, only 15 points were used to traverse the 

stack area. The data obtained from the simultaneous north/south sampling trains were 

composited for presentation as a single test. 

The particulate emissions were measured at the stack exit in accordance with 

guidelines outlined in the San Diego APCD Reference Method 5. The methodology 

was modified by placing a heated glass fiber filter between the probe and condenser 

train to distinguish between solid and condensable particulate. Also, the fifth impinger, 

before the vacuum line, was filled with 300 grams of dry, indicating silica gel. EPA and 

San Diego APCD Reference Methods 1-4 were used to determine the sampling points, 

velocity, molecular composition and moisture content, respectively. Based upon 

preliminary measurements, a sampling nozzle of appropriate diameter was selected to 

sample isokinetically. 

A representative sample of exhaust was drawn through a stainless steel nozzle 

and heated stainless steel sampling probe to a heated 90-mm glass fiber filter. The 

filter was maintained at 248 °F ±25 °F. The impinger train consisted of numbers 1, 3, 4, 

and 5 being modified impingers, with number 2 being the standard Greenburg-Smith 

design. Numbers 1 and 2 were initially filled with 100 ml of deionized water while 

numbers 3 and 4 remained empty. Number 5 contained the silica gel. Exhaust gases 

were scrubbed a final time, and an unheated fiber filter was placed between impinger 

numbers 4 and 5. 

\\NETSERVER\PROJECTS\3000\3114V3114-08B\Final Report\Post6octcomments\Volume 3\SECTION5.DOC 



Test Report 
Volume: 3 
Section: 5.0 
Revision: 2 
Date: November! 998 
Page: 3 of 24 

Temperatures of the exhaust stream and the impinger exit were monitored by 

using type-K thermocouples connected to a multi-switch Gordon Digital Temperature 

Indicator. The inlet and outlet temperatures of the dry gas meter were monitored with 

dial stem thermometers. 

Velocity head pressures were measured at each point with calibrated S-type 

pitot tubes. At military and 85% RPM power settings, the pitot tubes were connected to 

Dwyer inclined-vertical manometers with an inclined range of 0.00 to 1.00 inch of water 

and a vertical range of 1.00 to 10.00 inches of water. Measurements at idle used a 

hook gage accurate to ± 0.00025 inch of water over a 0- to 2-inch water column range. 

During the sampling period, the sample rates were adjusted to maintain 

isokinetic sampling conditions. The pressure differential across the orifice was 

determined by York Research Consultants' HP41C/CV sampling rate software program. 

Leak checks were conducted prior to each test run and before and after every 

component change in the sampling trains. At the conclusion of the test run, the system 

was leak checked at the highest vacuum pulled during the sampling period. The 

allowable leak rate of Reference Method 5 is 0.02 cubic foot per minute, or 4% of the 

average sampling rate, whichever is less. 

5.1.2 Battelle Columbus Division 

The particulate sampling system utilized for testing was designed to determine 

the size distribution as well as the mass loading of particles in the engine exhaust. The 

system consisted of a sampling rake exhaust collection system directly behind the 

engine equipment with a smoke meter, a filter preceding the main sampling pump, and 

a dilution system followed by particle sizing instrumentation. 

Particulate mass was determined gravimetrically from the filter preceding the 

pump. This filter was maintained at 150 °C during sampling. The sample tubing 

between the rake and the filter also was held at 150 °C during sampling. The sample 

tubing consisted of 125 feet of electrically grounded carbon-impregnated Teflon® 
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tubing designed to minimize buildup of static charge. Bends in the tubing were kept at 

a minimum and were of large diameter to minimize particulate loss. Filter sampling was 

initiated when the valve of the rake was opened (about 10 minutes before the start of 

the test) and continued through the 20-miunte sample collection period. Between 0.3 

and 1.5 cubic meters of exhaust was sampled through the filter for each test, 

depending on power setting. A 6-inch-diameter Teflon® coated glass fiber filter was 

used for particulate sampling. The filters were equilibrated for 24 hours at 40 percent 

relative humidity prior to weighing, both before and after sample collection. After 

collection, each filter was folded in half and sealed in a glassine envelope within a 

polyethylene bag for transport to the laboratory. The filters were stored in a freezer 

before equilibration and weighing. Several blank filters were handled in the same 

manner in the field as the actual samples. 

5.2 COMPARISON OF RESULTS 

Particulate matter samples were collected by the sample team at a single point at 

each site with the custom Method 5 procedure. The location of the single sample point 

differed from test cell to test cell. A similar particulate concentration was measured at 

each location, even though the sampling point was at a different point in the exhaust 

stream. Isokinetic samples collected by strict Method 5 procedures at other locations 

within this test program (full traverse) were in the range of the samples collected at a 

single point. 

Similar variations in particulate data were noticed in the current published data 

from previous studies. For example, the March 1982 AESO report for the J52 had a 

variation at the idle condition of 260%. At the military setting, similarly, results varied by 

100% for both the J52 and J79. 

In former testing at Edwards AFB, a composite sample (3-hour duration) was 

collected during the three 1-hour sample runs at the same location. The results 
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showed similar variation even though they were collected at the same time and same 

location. 

The particulate matter emission results presented in this report represent a 

correction for ambient concentrations. This was not always considered in past 

sampling efforts. In addition, exhaust flow was measured by Method 2 (pitot tube) in 

previous studies. Flow is difficult to measure manually at low- and high-flow conditions 

due to large manometer deflections. 

Particulate matter results from previous sampling programs were reviewed. 

Sampling programs that measured particulate matter emissions for engines similar to 

those in the EQ/Weston program are listed below. 

1. Aircraft Engines and Power Unit Emissions Testing Report, Environmental Quality 
Management, Inc., May 1998. 

2. Engine and Hush House Emissions from a F100-PW-200, Volume 1, Radian, 
February 1997. 

3. Engine and Hush House Emissions from a F100-PW-100, Volume 1, Radian, 
November, 1996. 

4. Engine and Hush House Emissions from a TF30-P109, Volume 1, Radian, June, 
1996. 

5. Calculation Methods for Criteria Air Pollutant Emission Inventories, Table 1 -1, 
Armstrong Laboratories, July 1994. (Book 2,11) 

6. PM and NOx Emission Factors for Jet Engine Testing (AQUIS), Table 3.1.7-1, May 
1994. (File 13) 

7. Engine Exhaust Emissions Data Bank Issue 1, ICAO, October 1993. Taken from 
Pratt Whitney Manufacturing Data. (File 9) 

8. Engine Exhaust Emissions Data Bank Draft First Edition, ICAO, December 1993. 
Taken from Pratt Whitney Manufacturing Data. (File 7) 
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9. Summary Tables of Gaseous and Particulate Emissions from Aircraft Engines, 
AESO, June 1990. (Files 3 and 6 and Book 2,12) 

10. Manufacturing Data from Navy Aircraft Environmental Support Office, 1981. (File 
6) 

11. AFESC Aircraft Emissions Characterizations, Battelle, August 1987. (Book 2,1) 

12. Aircraft Engine Emissions Estimator, AFESO, September 1985. (Book 2,10) 

13. Report No. 110-01 -82 Particulate Emissions Test Program (AESO), Volume 1, 
March 1982. (Book 1,1) 

14. Internal Combustion Engine Sources, Table 11-1 -7, February 1980. 

15. Source Sample of Aerospace Ground Equipment and Jet Engines, Environmental 
Quality Management, Inc., August 1996. 

The particulate matter emissions were reviewed from each of the above sources 

and summarized in Table 5-1. The reference numbers above correspond to the source 

numbers in Table 5-1. 

Particulate matter results for the engines tested by the sample team have been 

summarized graphically, on a fuel flow basis, in Figure 5-1. Using the data provided in 

Table 5-1, comparison graphs were created for each engine family. The results of like 

engines were compared on a fuel flow basis. Graphic results of these comparisons for 

engine families are provided in Figures 5-2 through 5-13. The graphs provide a 

representation of the variability in the particulate results regardless of the sampling 

method employed. 

5.3 ENGINE MODIFICATIONS 

The Navy performed particulate matter sampling in the 1970's and early 1980's. 

In the period since these tests were performed, some engines have undergone design 

changes that may greatly influence particulate matter emission reductions. This point 
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was defended in the AESO 12-90 report which discusses engine emission reduction 

with engine design improvement. Technological differences that have been identified 

are listed below: 

Smokeless can. 

Modified fuel delivery system. 

Increased fuel economy. 

• 

Smoke numbers have decreased over time. For example, the F100 
series Pratt & Whitney engines in the 70's had smoke numbers of 18 - 
40. In the 80's the smoke number decreased to the 7-20 range. During 
the 90's smoke numbers have been consistently 5 or less. 

In older engines, fuel was atomized by fuel pressure. Today, fuel is 
atomized by air blast. 

\\NETSERVER\PROJECTS\30pO\3114V3114-08B\Final ReporftPost6octcomments\Volume 3\SECTION5.DOC 



CO 
E 
E 
3 

Ü) 
(A 
C 
o 
w 
(A 

E 
m 
a> 
n 
3 
O 

■■E 
CO 
0. 
a> 
c 

"En 
c 

LLl 

«: 
(Q 

lO 

co 

■£ ~ 
en  <u o in in ! ! j ! ! ! I CM    i~ y~ j j | j | | 

k. ■2  XI 
d d d 

a) CL  — 

k.   
3 
a 
CD 

2 € , , , , , o 
o , o en o , , , , O 

o , 
d cci in CO d 

< 
—- 

5 „ O   CO o 
2 != O   CO o 
5=   XI i ■ • ■ 1 i 1 in en o i 1 i 1 ■ i 

Ö)   1 o r^ •o- 
5 " ■*   CO in 

« =- 
(0   Q 

=.3 
en o o CO CO CM co en '^• in en CM CM 
00 m in •<* o 1 o CM  ^J- CM °° J CM O 1 O 

">  to 
2  X) 

d d d d d d d d d T- d d d 

e« 
0- — 

(0 5l y- 00 ,- i-~ CM CM t^ T- en CO cn o 
o CM CM CM y- ** q en CM N CO CO o q q CO o q o 

i 
CL  | C\i d d in d d d CM   CO CM ■* •^ d d d d 

5  „ 
cgx: 
-J  *—- 

00 o CO 
CO 

o 
en 
CD 

00 O   CD CO en CO o 
in 
CM 

CO 
en 

en 
o 1 co_ 

t^ o 
v-_  C0_ 

CO o ! o o ; en 
CM 

CNj" ,-" ^ Co" CM CM" iC co" en oo" ,-" T-" 
CM 

« =■ CD g ^, CO    a) o j— ,— CM CO CO ■<t CM ■<t ,— CM 
en in in in o j o : °. co ■ in o | o 

■2  XI 
d d d d d d r- d - ^.  cx d d d 

<u CL  — 

CO -^ 
5 x: o S? 
0) w i^ ■* en N CD CD CO CD en 88 E K o 
E 
o 

XI in 00 1— t CO CO o i    ° CM ■<* o o o 

2 
^ d d CD d d d CO CM d® & d d d d 

c D. 

5 „ 
5 o 

in CD 
CM o 

CM 
o , CO 

■3- 

CM 

■   °l 
CD 
in 

in 
CO 
00 

, o o 
o , r^ 

■* 

"5  £ CO CM" CM" CM" CM" t--" CM" 
00 i^- -,— 

«  ~ |_J r^ 00 t*~ in T— CM en T- 00 CO CO 
CD en en r^ o ; o 00    CD o I ; CM ; CM 

^  XI ^ d d d d d d d d d d 

£ 
o_ — 

u r ^ 
CO 
o 
k. 
a 

i^ y- CD CM CM CM y~ to r~- r-- 00 CO CM 
■<t 00 

d d 
en o 

d 
CO 

d 
o 
d 

00   T- 
d 

; ; o 
d 

o 
d 

o 
d 

a. c^ 
< 

5 „ 
o o ■* 

o 
CD 
in 

o 
o 

O   CO 
en y- 

en 
en 00 m 

CO 
--^ 00 CO CD in q en o_ CO 

'S £ 00 00 1_ 
o" CO 

CM" T-" CM" 
CM 

j£ _ 

I J in CM CM ,— CM ,— co en CM o OO CO in 
r--p CO CO •* o o oo  CO o CO ; q m in 

si ^ d d d d d d d d ■* ■^ d d 
CL  — 

. . 
a> 2 € 

Q_    <ft 
XI 

i^- en CM en CM CM o CM   CO CM 00 o 00 CO CO CO 

2 CM in T~ in CO o q t~-    CD o r^ o CM i— T- o 
*~ d d d d d d d d d ■>t in d d d d 

5 „ 
CD o t~- 

en 
CO 

o 
CO a> CO    Tj- CM 

o r^ 
CM CNJ ■>t ^> 1 CM T-     CO in o ! CD CO 1 

0 =9 
3   —' 

t^ N CM CO   N en CM T— 1 
y~ 

ts T5 Op ■* ■* CO ■"3- op ■■* ■a- oo ri- in ■* oo ■* oo ■* 

«    3 
^ u. 

a. a. oL a. O- a. CL a. a. D. Q. CL d. a. a. a. 
-3 -o —> —3 —3 -3 —) —> —> —> —i —> —> —> —i -3 

o CO O c O 
CO 
UJ < 

CO o o 
o 
w 
3 
O 

CO 

o 
UJ 

_1 

3: 
CO 
UJ < 

a 
UJ 

_l 

5 o < 
CO 
UJ < 

CO 

TO 
CO 
rr 

.    1= 
CM  O *- o 

a 
Ul <: 3 

o < 
CO 

< 
i_ 

m ,_ *~ in ' ,  ■ in 
en co 

1_ 
in ' ,_ 

'- CD '- M- CO '- 
o 

Ü en »t t 

a> t^ 

m 
1- 

r-- 
LÜ 
CD 
o> 
CO 
LL 
1- 

o 
d> 
CO u. 
1- 

o o T- 
T- f in in in in 

c 

c 
UJ 

< 
co 

o 
CD 
in 
1- 

o 

CO u. 
1- 

oS 
cp 
LL 
t- 

CL 

Ö 
CO 
U. 
H 

6 
i- 

CL 
i 

O 
CO 
LL 
h- 

CL 
i 

O 
CO 
LL 
1- 

CVl 

A 
CO 
-5 

CN 

en 
CO 
-5 

CM 

Cf) 
CO —> 

CM 

a> 
CD 
-3 

a) >. 

B E 
(O 
in 
1- 

2! °> 
2 C 

o 
2 00 

CO 

C   (0 1= >- P ~~i 
UJ  Li. 



CO 
E 
3 

<0 
W 
c 
o 
*» 
W 

E 
UJ 
a> 
to 

1 
0. 
a> 
c 
'5> 
c 

UJ 

(0 

in 

.a 

n °> CD T— T~ 

o 1 o ; J J 1 i • 1 1 ■ 1 , , 
b. 

■5 CO o o o 
a> 0. — 
k.   
3 

2€ 
a. « 

CD 
CM o o o . o 

o , , , , , , , , o 
o , 

a> i— o o o o 

< 
~— 

3 _ 
O tT" in o CO 

OS 5 
N CM ( 1— ( 
CO co 1 

1^ ' ' ' « • • 1 1 { 1 ! ! 
N oo T- 

H— 

II oo CM CM in o ,_ co .^ 
o o J o CD j co O) o en j I en en i o 

2 j§ '- o o CM o o ■<- o o o . i- 

(0 

a. - 
^—^ ,—. 

CO 
CD 

in 
o 

in 
o o 

o 
o o CO 

m 
o co 

en 
CO 
05 °. o «O °.  o CD 

co 
03 

CO 
03 

o 
m 

I CM o o o CM r*. *~ o co i^- 

^ ® 
CD T- r- f- 00 

N— -— 
3 „ 

i— 

CO 
o 
co o $ 

o 
00 

CO 
LO en 

CD 
o o o CO 

03 =9 
3 '-' CM" 

CD_ 

CM" 
m in 05 CM 

co" 
i-~_ 

oo" 
C0_ 

oo" co" 

«=- 
J3 § o T- i- CO o r- o o o 1 ! h- j [ CO LO CO j I CO co i CO 

■s OT '- o o i— '- co *- T- i- o 
0) 0- — 

(0 -£^- 
■o 
a> 
F 

.c 
"Si CO 

CO 
CM 
o 

CM 
o o 

en 
en 

CO 
o , o in 

CD o CD tO 03 
o o LO 

CM 

0) 2 
o o o o en CO en CM 05 m® - ® 

T_ 03 03 CO 

c 0- *~" 
3 „ 
o " o o m y— m o cn 
5= -C t-~ CO ■>t CO 

a -° CO 
Tf 1 

"d- 
I-- ' 1 

CM CO CM ' ■ t CM i 03 

3 ~— m" r~- CO I-- 1— 
h- en 

•¥ -. 
to a> 
=.5 

,- o o cn T_ en en ! J en 1 ; CO CM co j j CO co i in 
■s to o o i— o CM o o o CM 

a. — 
J_ 
U 
(0 
o 
1_ o o o 

o 
CO 

CO 
CO 
en 00 CO 

en m o 
CO CO 

O o 
CD CO 

o 
CM 

00 
en 

CO 
03 

o 
o 

a o o o 00 i-~ o o w ^. CO O o O 
Q. '—- ' @ ® < 

3 „ o CO o o 
5= C o CM o en o ■* 

S =9 
3 " 

o_ 
CM 

■*" 

io_ 

CM" 
CO 

■>t" 

in 

CM" 
CM 
m in 

CM" 
o 
co" 

g, D CO CM o o o T- CO ,_ 1  ! o en ; LO T— CO T- 1 1 T- 1— i ■<* 

■5 "> o o o o O o CM o o o o 
OL — 

^-^ 
a> 
n 

5£ 
Q_ <0 

in 
co o o 

o 
o 

o 
o 

CD 
LO 

CM CO 
in 

CM CO 
00 

CO CM 
O 

CM CM m 
5 o o o o 1 

O O o CM O o o O O O o 

3 _ ,_ 
■* o O 

5= -C , i— t o ro 1^ CO 

03 -° LO "fr 
1 en T. ' CM 

CM_ o_ C3 ' ' O ' o 

•1 
00 •* CO ■* CO 00 ■* •* CO ■<t ■* »* ■* "ä- 00 ** 
Q. Q. □_ a. 0- a. a. 0. £L a. a. Q. QL Q. 0. a. * Li. -5 ~3 —> —i ~3 -D -3 -3 ~3 -3 ~3 -3 ~3 -3 

0) 
u 
3 

co o CO o LU UJ o co a 
HI 

_l 

3: O 
co 
at 
< 

a 
UJ 

3 
O 

co 
HI 
< 

_l a 
LU 

_l _1 

O UJ 

_l 
1 _l 

o UJ 

CO 
UJ 
< D. 

3 
o co 

O 
1 1 < 1 < 1 

■ 1 T— \— 1- H , < 
T_ 

CO m 
co ^ CO ^ in 

" 
io < 

CD 
< 
m JI N 

CO 

c 
'5) 
c 
UJ 

< 
If) 

in 
00 
-5 

< 
in 
in 
oo -> 

< 
in 
■ 
in 
00 

w 
o 

■ 
in 
oo 

CM 
o 

a. 
co 
CO 
u. 
1- 

CM 
o 

■ 
a. 
co 
CO 
UL 
1- 

CM 
O 

■ 
CO 

2 
1- 

< 
o 
o 
1— 
1 

CO 
co 
LL 
(- 

< 

1 

a. 
CO 

P 

■ 
CO 
CO 

1^. 
a. 
CO 
CO 
u. 
H 

CO 
a. 

1 

CO 
CO 
u. 
1- 

o 
CD 

CO 
CO 
u. 
1- 

D 
CO 
1- 

cö 
2 
i- 

r-. 
o 
o 

1 

a. 
CO 
CO 
u. 
l- 

1^ 

Q 
CO 
1- 

CM 

'5> E 
K. 

in 
CO 

CO «Ö s? 
C (0 
UJ u_ 

-> ■-fc E 



(0 
E 
E 
3 
(0 
(A 
C 
o 

"55 

£ 
LU 
© 

JS 
3 
U 
t 
(0 

CL 
d) 
C 

"5> 
c 
m 
iC 
(0 

■ 
if) 

.Q 
CO 

■¥ -=■ 
to   0) CO in m co CO 1— CD in 
£    3 ■* o q q CO o O 

k. 
d ö d d d d d o 

a> a. — 
k. 
3 5I o •* •* en o 

q 
o CD ■* o o o  t n i I j q J ; '- CO q CD *~. t^ CM v~ q en M 

k> 
0) 0L   « ö r-^ co CO d CO 

CO 1-^ d CO d dl 

< 
—~ 

5 _ N o CM ,_ CM o N o 
o " in CO CD N CO o CD o 
"= € ■ 1 [ j | | •<t N ; N CO CO_ J o CO_ °.   ! 
» -0 in co" co" o" ,—" <* ,—~ co" 
3  ~-^ 

,_ CO ,~ ■* M- CM in •* 

■¥ =• © £ 

II o CO zL- a. CO N CM CM in CM CM in tr 
CO ! en ; r- *" CO ^t- q J O ■^ en J m ■>t q   i 

■^   to Tf ö i-^  o^ Ö Ö ö d i— d d d d 
C\J   ^J" 

£• 

a. — O) 

® E" 
03 5I CM o CO 05 ü.  Q. CO CO o o ■* o o O m CO o o 
+* ■*-; 

o q N CM     « in CO CM CM o CO q CD CO O) in in 

i 
a. Ja en 

IM CO CM r-' T— CO Ö O d oS 00 CO CM ^f CO  CO 

5 „ in 
CD 

1^- 
CM 

in 
o 

en o 
CO 

O 
CO 

CM 
CD 5 en 

1^ S 
CO 
m 
en 

CM 
CO     | r^ co_ co_ CO CO en o m CO CM_ 

Ö 5 
3  cd CM" c\J T-" N en CM" co" en" oo" o" o 

H— 

« ~ ® "E 
|| CO " E co CO co o o en N 

j ; en ! 10 "^ N CD [ ! ! in N i q CM 
■* : 

•5    CO Y— co s? Ö Ö d d d d d 
CO   "5 

a> a. — N 

(0 .—. , ^ ^  
5 
a> 
E 
k. 
a> 

co 
^5 o °~ ^~. en in 

® E 
—  D. « E" 

CO   o 
CM   C 
W  ® 

o ■<t o o O N co o o 
£ 

2 

! 9m E 
00 «,  P- 
CM  @   "- 

q 
CM 

CO 

r-' 
co [" 

■* 

1 
d • 

CM •«r CM 
q CM 

CM 

-a- tr 
CM c\i 

c 0- h- 

CM t^ CO o t^ O CO o cn o CD N- CO CD o   , 
in o CD_ in N in CO 

3   " 
in co" in" m" in 1--" m" 

<£   =■ 
CO    tD 

=.5 
CO O) CO r^. •* CO en o r~- 
h-. | o j ; in rf j i 1 in en ! T- CO CN   : 

"5    <0 CO ■<t T~ ö d d o d 
0 

£ 
a. — 

o 
CO o 
k. 
a 
a 

i Ji 
9i 
CO m 

CM  <§) 

: 
CM 
CO 

CO 

CO 
CM i 

i- ®   c 

in 

CM 
: 

05 
q 
d ■ 

o 
q 

o 

CO 

CO 

d 
q 
d 

00 
d 

oo oo 
d d 

< *—* 
5 „ 05 •* TJ- r- o o 

CO •* m N CM co T— o o   , 
CD CO o m o CO CM ro o   ! 

"5 £ 
3   ^ of a> O) 

•<t co" co" co" CM" CO" 

«   =• 
CO    0) 
^3 

o CO .   CO CM ■,— o en T— t-~ CO o CM o j CO ; CM CM C\J *- 1 o N ! CM en 
•s   <" 

CO •a CO Ö 1~ Ö d 1- '*- d d d 

« 

D- — 

2 € CO O CO 1^- CO CD ^r o ^ O o CM h- ,_ i^ r^ o o CM co ^f q CO o •* q CO M; T— CM_ q 2 Q.    <0 

- - CO ö C) T_ ö d d '" cvi d d ■■" d d 

5=   „ O  " •^■ CD CO CO oo N 
CM in O CO CM o CM CM oo CO CM 
in in C!> CO o_ o_ o_ •<r   ! 

« =9 
3   —* 

CO in Tf CM M- 1— r" CM 
T— 1— T— 

®    3 
in •tf CO 00 in CO 00 ^■ 00 ■* CO 00 00 CO CO ■<t  CO 

a. a. Q. a. CL CL DL a. CL CL a. CL CL DL a. CL d. 
^   LL —3 -n ~3 —> -3 —3 —} —3 -} -3 -> -5 -5 -3 -3 -D   -3 

o 
CO 
LU 

co cn o CO c C CO 
<U 
u 
k ,1= 

w O 
*- Ü 

a 
LU 

3 
O 

o 
lil 

a 
LU 

o 
LU 

3 
o 

CO 
LU 
< 

O 
LU 

o 
w 3 

a CO 

CO 

CO ^ 3 
o < ' < < 

1 • 1 < 
■sfr '^■ 

< tr cc ' < 
C/> en CO 

CO 
<y> 

in 
CD ^ CD CM co 

lO    i 
co 

< < CM CM o o 
m 
co * 
a. 

m 
CO 

f 
a. 

o 
o o o 

o 
O 
o O CM O o O o o o 

CM 
o o o 

CO o rt O i o o CM o ■ o o 

'5> 
■ 

LU 
o 
CO 
u. 
H 

LU 
O 

CO 
u. 

uLi 
(3 

1- 

LU 
(5 ^ 

LU 
O V CM 

Ö 
CM 

i 
O 

CM 

Ö a. 
5 
a. 

t     i o o 
c CM 

m 
CN 
in 
-3 

CO 

Ü. 
1- 

t 
y— 
O 
r- 
U. 

o 
LL 

i 

o 
1L 

o 
IL 

o 
LL 

o 
LL 

o 
LL 

Q 
O 
y— 
U. 

■ 
o 
o 
u. 

o o 
r-  i— 
LL LL 

P» 
8* co ^ ^- ^ 2 *- O 

"rö E £5? CO 
LU {5 

O   O 

C    CO t c 1- LL   U. u. 
LU   LL o 

O 



CO 

E 
E 
3 

</) 
CO 

CO 
(A 

E 
UJ 
<u 
*■■ 
CO 

^^cc 

C 
'o> 
c 

LU 

CO 

in 

CO 
. I- 

—    C7^ 
to   d) I"- CO 

i j j 1 ! J co J j i i 

L-. 
^  to o o 

0) a. — 
k. ^^ 
3 

0) n : 
o 
q 
ö 

CM 
N 

CO 

o 

LO 
i : : m 

r-- 
iri 

o 
: i i 

+* 

< 
, ( 

CM 
CO t , , , 

o 
00 

Q  5 
3   "-' 

CO in 

tO    a) 
-°   3 r- <* LO 

CM ,_ LO 1 *" j 1 j o r--- [ co i— CD 
■5  to o o o o CM CM CM 

i* 
a.— 

^^ 
(0 

I 
2 € to 

to 

CO 

o 
in 
co 

CO 
LO 

o 
co 1 ; O) 

q 
CO 
in 

in 

O 
i— 

CM 

co 

CM 

•4; 
CO 

— 

05 
CO 

° ST 
.,_ CD en r~. r^ 

°i CO 00 l>~. r-. •<t * ■ • i • r-- i LO in CM 

3   " to *" h- 00 00 T3 
c 
o 
o 

c 
to 

•a 
c 
o 
Ü 

c 
s 
10 

tv 

tO    (]) 
OS 
CM 

r- o 
en 

CO 
CO 

CM~ 
O CD 

CO 
o CM 

CM 

■s m o o o d q O CM c CM 

Q- — o t- ID o o 
o 

® 
(0 

.C 

"* o CM o CM en t^~ LO O ^ (>   o 

E 
o 

CD "fr CM LO co ■*• ■*"; CO I CO  CO   c m CO CO 

5 
,_ CM ^ CO CD en q ■* CM ^® s- o o 

c Q. o 
m 

d 

in 

en 
o 
o 

LO 

5 _ 

3   —" 

in 
in 
CO 

, CO , 
CO 
en 
CO 

en 
CM O , co 

CO CO 
CM 

LO h- o ^ to co" CM 
CM CO 

II o co . co CO CM CO o 
j t 1 •a- CO CO LO j 1 CM 

^.S o o o o CM O CO 

Q. — ^ 
u ^^ 
<0 
o 
Q. 

2=S 
a- £ 

CO 
o 
CM 

CO 

Ö 

<* 
CO 

CM 

CO 

d 

o 
q 
CM 

en 
CM 

LO 
CO 

CM 
CO 

O 
o 
CO 

CO  o^ 
en K 
cd m 1 

cn 
in 
d Q. O 

,~ *- ® 
< 

CO h- CO CO oo 
5=   J= CO 00 LO CO O CO m ' o " to a> I-- 1 CO 

3  -^ CM LO ■* CO CO CO CO ■* 

II LO CD o en en h- oo 
{ ■* 1 en o o co 1 CO t 

5S CO 'r" '- o o '- CM h- 

0) 
n 

CL — 

2 € 
CL   10 

to 
LO 

LO LO 
CO 

LO oo 
oo - o •* 

en 
o 
CO 

CO 
q o o 

CM 
£1 r- o 1— O T~ o o o CO O 

5 _ r*- r-- o in 
e .c co o co o CM ■* CD in 
ü £ 

CM 00 CO 
•■- ,-" r-" CO 00 CO 

^ u. 

CO CO CO oo 00 < 00 CO 00 < in CO           CO CO 
a. CL Q. CL a. CD 0- 0- CL CL a.      a. CL 

—i -} ~3 —> —1 —> —3 —>            —3 -D 

tu 
o a 

co 
o 

CO 

3 a 7> o a 
co O 

CO 
LU 
< 

o 
co a    a a LU U LU Ü LU CL LU LU o LU LU         UJ LU 

o 
1 <. 1 < 1 , • i < < t             1 i 

CO ",— 
■ 

T— • T- 

CO *— T- 1 < 
en 

• T—                 t— v- 
CO to to a> 

O o o o o o o 

a> 
o o 

o 
o o 

o 
t— 

■ 

o 

*k § o 
o 

o o o 

u. i— UJ Y~ ■5 "5 UJ 9 I t ill LU LÖ            » UJ 
O) o o o o a a. (5 4 Si XI- O a 1 fe a 

UJ co 
o 

LI 
T— o r^ K CO §9 o 

t 
1 

o 
u. 

1— 

u. 
u. 

LL tZ 
1— 

u. 
2 u. LL o 

LL 

o 

LL 

o 

1- 

a> >> c = 
5) E 
C   (8 

UJ u. 

O   c 

LL  ^ u. 

CO 

LL 

o 
<» 
u. 

Ü 3 
I- a 
o < 

o 
o 

■a a •a 
> 
o 
a 
cs 
+J a 
■D 

UJ 
(3 
HI 



o 
o 

<f § 
Ü < CM 

O 

< o o CM 
O 

o o 
CM 

o 
CM 
(M 

O 
O 

o o 
o o o o 

L) 
LL 

LU in in N LU LU ^ ^ 11. LU < LU LU 
1 CO CM LU Q- Q. O CD 0. Q. Ü Ü a. O Ü < (T) £ o ro CO ■* y!- o O on o h- co ■tf 

<o CO CO CO CO o o O O 1— ■i— i— o 
in II. II LL LL 1— TI- 
H H —> —> 1- H H LL LL LL LL LL LL LL LL 

♦ X < D # • < 1 -4 ■ o X X o + 

LU 

in 

k. 
3 
O) 
il 

 .^ ■  

X 
1   + 

■   X 
X 

£.*...':  
X 

        *■;::::::.:::+....■ >P... 
•                                           -HO 
               «                  ■                 Ö 

_           <x  
■ ! ■■"'""•*                                      |k 

d                 ■ 
  .+<  

a* o 
 -.♦...:   

♦ 
<                                             X 

o                         •         X   I      *                          < 

♦.   *                                            + 

^                                                                   D :....-. 

< 

 ; — 1 i ' 

000001- 

00001- 

o 
u_ 
"3 
3 

0001- 

001- 

Ganj q| 000'lVqi) J<noej uojssiuig |/\id 



O 
o CO 

III 
UJ < 
♦ 4 X 

3 a 
o 
c 
o 
» 
0) 

I 
UJ 
<u 
« 
3 
U 

n 
CL 
0) 
c 
'5> 
c 

UJ 

(0 

in 
I- 

0) c 
TO 
C 

UJ 

<N ■ 

3 

il 

«   , 
7 

* 
___                                                                                          _ir_                                           _,_ 

'                                  r 
♦                    I 

__    -                   ;-—     —~r 
7                7 

/ 

/ 

/ 

r 

/ 

. 7 
/ < 

%  A _ 
 /  

£^x 

o o 
in 
CM 

o o o 
CM 

o o m 

o 

a> 
3 

o o o 

o o 
in 

ö 
c\i 
ci 

00 
en 

in 
co 
05 

o n 
e 
a. 
CD 

CO 

CD 
Ü 

(|anJ00(H/sqi)|Ald 

o        ._ 
£      3= 
H-r O 
.C t t 
CD  O) o 
E °> Q- 
O  ^ D. 

CB 3 CO 

= s I § s I a° > 
«s _g ill 

i gf 
c 2 <3 
2 f< 
> <=   ' 

O =^ w 
HI < < 



CT> 
m 

o>   en   P- 
n   n   h 
t  H  ö T  v  co 
O    =^    LU 
LU    <    < 
♦   •«   X 

o 
(ß o -  o 

CD £ 
O 

"55 
to 

T- 

E 
LU 
a> 

o o 
♦ 

« 
3 
O tl 

n
g
in

e
 P

ar
ti 

D
at

a 
ne

 F
a
m

ily
 T

F
39

 A 6 o o 
R CM 

O 

fc 
1 

♦ I 
UJ         5> 

c 
O 
O V 

jr
c
ra

ft
 E
 

£■ ■1— 

1 
5 
SI 

1 
% 

<t 1 .8 r 
CO 
in 
o 

1 
0 

   
   

   
   

   
60

00
   

   
   

   
   

 8
0 

Fu
el

 F
lo

\ 
V 

1 
3 
D) 
U. 

1 
% 
% 
I 
1 
£ 
Vi 
V; o o I 

%:. 
1 

\ «* k    1                    > 
o o o 
CM 

1 
\   ^ \   1 

4 A-V-   * 
\ 

5 c     \           > 

d                                                                               c 3 
c 3 

(|an^sqi000l./sqi)l/\ld 

o c 

in 
CO 
c» 

CD 

£ s 
D. 
CD 

CO 

CD" 
o 

fa| Era o 

c?tc3 
5  co B 
£..£ i 
3  S°  £ 0 o S 
co  co  c 
C  -J LU 

1 £?<£ 
c 2 
e to 

-I ■ LU  <  0 

LU  <  < 

• 



 s 
■St- 

00 

il. n. —> —} 

o o 
m CO 
n II 
1- ^ o 

m H 
i_ 
(0 C8 1- o 
T) T) _J 

C/3 
W (0 III 
et DC < ■ X • o 

■ • 
itl 

(0 
4-» 
(0 
Q 
c 
o 

"35 

£ 
LU 

O 
*■* 

<0 

/■ 

pr* 

/ 1 
08 n 

"■Et 
« > 
Q-E 
(1) .« 

A \ A 
ßF i ■ < 

, ß \ 

E
ng

in
i 

E
ng

in
e 

F 

B 1 
f 

4-1 

'S 
o 
1_ 

1 
I 

y 

II 4 ► 
< 

■ 

0) 

1 
I 
8 ! 

» \ 

3 < > 
O) 

ii» u_ 1?» 

o o o o o 

o o o o 

I £ 

o 
u. 
ö! 
3 
LL 

o 
o 
o 

o 
o 

(ian*sqi000i./sqi)|/\ld 

o 
ö 

O 
a> 
05 

CD c 
3 

<D 
o 

ij= 

*2 
?   Q. 

3  C0 

col m   C 

2 E 
*- o o .E 

■a > 
co to c 
O) _J LU 

o § I 
3   co ~ 
"»  E< 
§<6 

=5   . co 
C0 d LU 

DC < < 



CO +* 
to 
Q 
c 
o 
CO 
(0 

E 
UJ 
d) +* 
(0 
3 01 () 10 

-5 
t >. 
(0 n, fc 

«1 
© u. 
c (I) 
en c 
c O) 

UJ Ul 
c re 

in ■ 
IO 

O) 
il 

1/ ) i 

H 

X 

X i < > 

4 > 

-' - 

• 
• 

O 
. en 

O ^ tu 
UJ < < o o ■ X • 

o o o 

o o 
00 

.o o 
CD 

IT 
o 
u. 
05 
3 

o o 

o o 
CM 

o 
d 

(|ani;sq|000l./sqi)|flld 

in 
00 
O) 
T— 

l_ 

00 CD 
en X) 
en F 
T~ <i) 

CO Q. 
CD 

CO 

(i CD 
_c O 

it 

CD 
Ü 

K- rn Ü 
0) u. 

^ 3 
r 3 CO 
<n ~i ^ 
S m CO 

Ä» .Q> l_ 
CD 

m o b 
-i m l_ 

O o   Si > co m r 
c _i UJ 
CD O) .f H c m 
c 
n 

u 
I— P w 

> F *4 c k_ i! 

UJ < O 
O _i 

CO 
UJ 

UJ < 



o 
d   UJ <  < 

(0 
4-1 
(0 
Q 

W 
(0 

1 
UJ 
<D 
« 

U u> 

Q.  E 

.E £ 
O) 5 

n 
o 

(D 
If) 
0) 
i_ 
3 
D) 

oo 

i 

in 
oo 
05 

0 
E 
0 
Q. 

^        CO 
Ü <D 
C Ü 
—.        *= 

g s £ Era o 
<D  T-   Q. 

(0 
= CO 

.2   «-I 

^3 i 
O   O .£ 
w <o c 
£ -i UJ 
2   CD*; 

i Si 
E < 

o 
Ö 

(|anjsqioo<H/sqi)lAld 

> 
UJ <0 

O =d ui 
UJ < < 



o 
O   d   ffi 
til  <  < 
■   K  • 

Ü 

1 
>E 

i 

I 
I 

1 

(0 

! 

OB 
Q 

i 

1 
C 
o 

"55 

I jr 
! 

HI 

(B 
X 

1 

* 

tic
ul

 
$3

-1
00

 

'; 

P
ar

 
il

v
 T

FC
 

1 
0)   E 

.— u- ■ 
1 

£ 

ft
 E

n 
E

nq
ii 

1 
CO 
i_ 
O 1 

1 
) 

3 

< 
1^ 1 

! 
3 
Ö) 
E 6. 

St 

^ 
P 
^ 

L 
\ X 

V 

o o o 
CM 

O 
O 
O 
O 

o o o 
00 

o o o 

w 

o 

0) 
3 

o 
o 
o 

o 
0 

(lanj sqi QOOt/sqi) Wd 

LO 
00 
03 
T— 

I» 

CO CD 
01 n 
a> F T— 

CD 

CO Q. 
CD 
(0 

O CD 
C O 

3= 
c 
(1) m 

O 
tr 

t" m 0 
m LL 

(Tl >* Li 
3 

r 3 en 
rrt ~3 

2 (/)" co 

£• .CD 
CD 

(0 O b 
C 

O 0 fc! _ n > co Cfl r 
c _i ill 
CD D) .f 
t- C m 
c: 
0 

O 

»1 
> F <l c- 

i_ 1   ' 

LU 
1 

< 
1 O 

O 111 
UJ < 



m 
T~ 

o p 
o 3: 

CO 
LU ^ n 

HI < Q. CO ■ * • ♦ •4 

CO 
«J 
Q 
c 
o 
to 
M 

E 
UJ 
<D 
*■■ n 
3 r~- 
U <0 

(0 
2 
> u. 

(U (0 
£ u. 

(I> 
O) c 
c a 

LU UJ 

C 
CO 

u 

00 
I 

in 
0) 

O) 

1 
< 

II 91 i 

'I 

ll 
K |   ' 

| 

1 , 

■ 

V 1 ft 

\ 
• 

1 1 

i 
1 

■4 

i 1 

\ 
1* 

\ 4 

X ^                                                         • 

o o o o 

o o o 
00 

o o o 

O 
u. 

3 

o o o 

o o o 
CM 

(|anisqi0001./sqi)|/\ld 

oo 

oo 

a> n 
E 
CD 

CO 

2 
a. 
CD 

CO 

O 0 
c Ü ~— !t= 
c o 
t- CD o 
fl> Q. 
D) m >< Q.CO 

J5 °> c 3 CO  0> 
m -3 —    T— 

2 

15 
o 

to 

"v- 
o 

o 

CO    i. 

CD -Q 

—- n > > 
ID 

4-» r 
ca C   0) 

LU   C 
a> m 
E 
c 

c 
o 

Ü -^ 
y en 
> F <   £0 
c 
HI 

I— 

< 
1   Q. 

o . 
O 

CO > 
LU < 

LU < Q- 



m O 
m a> 
m U) 
T— i- 

>, CD 
ffl C 

^7 3 
~3 

o CD 
c O 

3= 
•4-' o 
(D f 
(- o 
(11 Q. 
m Q. 
m _J 
r U) 
m   
? co 

£> 
c 

co 

o 
b 
S _ > 
c 

LU 
0) 
F % 
n p 
> *M c ■' 

LU o 
(A 

Ü LU 
LU < 



■
 E

Q
-F

10
1-

10
2 

X
A

/L
-F

10
1-

10
2 

•
 A

E
S

O
-F

10
1-

10
0 

X
 R

a
d

ia
n

-F
1

0
0

-2
0

0
 

+
 R

ad
ia

n-
F

10
0-

10
0 

-A
/L

-F
1
0
0
-1

0
0

 

A
E

Q
-1

0
8
-1

0
0

 

o o o 

(0 *•> 
(0 
Q 

o o 
1— 

"/ 

/ / ' 

/ 
c 
o 
w 

«T- 

m^' N 

o o - o o 

1 
LU 
V 

■»-> « 
3 

', 

jf 

1 I 

Pa
rt

ie
 

ily
 F

-1
01

 

V 1 

)0
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
 1

00
0 

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
1 

Fu
el

 F
lo

w
 (

Ib
s/

hr
) 

l,i ß I 
-fH a b fa / 1 

D) c P I 

Fi
gu

re
 5

-1
0.

 A
ir

cr
af

t 
E

r 
E

nq
 

i X 

' f 
i » 

i 

i 
■ 

^ 

o 
5                                c 

c 

(|anjsq|000t/sqi)|/\ld 

5 
i 

CO 

CO 

a> 

< 
d 

c 
CD 
E 
CD 
D) 
CO 

05 
OS 

CO 
05 Is-   2?  ^ 

co o) 
3 
~3 

£  co- 
co   3 

O   (D 

UU DC 

E Ö 

O   O 

. CO 
O -I 
O   o) 

§e 
u- E 

cc ^ 



o o 
CM    N    V 
o    o    ,-    o 
T-     r-     o     o 

o   o oo 
O   ° 
111   O 
<    UJ 
•   -4 

Hi 

cs 
4-> 
(0 
D 
c o 
to 
(0 i ̂  

Off 

 > <  

E   - 
ui rr ■ 

i 
CO        
3 / £ 

ar
tic

 
r F

-1
01

 

' i 

0) i 
C u. 
G) C             4 
C öi        * 

UJ £ 
**      

■    1 

(0 

u 
1- 

< 

  

H 

.- 
■ 

'<}■ 

1- 

3 
O) 
E 

 4K  

1 
£ 

-5 
(0 

o 

u. 

o o 

(|anj sq| 00(H/sqi) lAld 

q 
d 

CD 

CO 

CO   -g 

o 

c 
2 

■> 
c 

UJ 

LO 
00 
Öl 

0) 
.o 
E 
CD 

'S. 
0 

CO 

CO 
g 
it: 

2 8. 
><£ 
3 CO 
-D     

c» JS 
m C •£   0) 
2 E 

O .b: 
■9 > co  c 
-I UJ 

=^ UJ 
< < 

» 



■
   

 E
Q

-F
10

0-
20

0 

-*
—

E
Q

-F
1
0
0
-2

2
0

 

X
  
 R

a
d
ia

n
-F

1
0
0
-2

0
0

 

+
  

  
R

ad
ia

n-
F

10
0-

10
0 

- 
  

A
/L

-F
10

0-
10

0 

o o o 

F
ig

ur
e 

5-
12

. A
irc

ra
ft 

E
ng

in
e 

P
ar

tic
ul

at
e 

E
m

is
si

on
 D

at
a 

E
n

q
in

e 
F

am
ily

 F
-1

00
 

00
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

10
00

0 
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
   

   
10

0 

Fu
el

 F
lo

w
 (I

bs
/h

r)
 

1 

| ' ^> 

¥ 

/ 

■ 

■ X 

Hi 
5 

1 
1 X 

X 

■ 

o I—                                                                                                                                                      I»                                                                                                                                                      T 

d                                                  c 

c 

(lanjsqiooOiysqOlAld 

r  o 

3 

CO 

(35 

o> 

< 
Ü 
C 

c 
CD 

E 
CO 
CD        CO   >, 
co |v> o> -^ 
CO)CB   = 
« ro *- ~ 

CO 
a) 
o 
co 

es 

s=   CO 
CO 
=3 

O 

c 
CD 

E c 
S 
> 
c 

LU 

CD 

E 
CD > 
O   O 2 -a .   CO 
O -I 
O   o) 
"7 c 

2 « 
u. E 
co ^- 

UJ cc 

T3 
CO =5 
tr < 



m o 
co en 
en en 
T— T— 

Ö Ö 
_  co co 
O m ui 
w   < < 
■ X • 

  

(0 
(0 

it 

Q 
c 
o 
(0 
W   — 

"E 
LU 
(1) 

3 

<1>  =? 

C  5 
HI £ 

X   o 
o »- 
< f 
CO 

m 
0) 
3   -1 

u. 

1 

> ! 1 

-   

X • ■ 
__ - 

o o o 
in 

o o o o 

CO 

IT 
o 

0) 
3 

o o o 
in 

(|anjsq|000l-/sqi)lAld 

00 

CO 

en 

co  o 

rO 

US 
-I CD   3 

8>| s I ™ E 
c 
o 

CD 
O 

it 
O 
t 
o 
Q. 
Q. 
3 

CO 

15 

CD 

E 
c 
p ^  »-»  u 

7ö'£ 

O* 
75 2 
c P. 

1< 
o m E oo 
> 03 

O UJ 
Hi < 

> 
c 

LU 

iC 
CO 
L- 
Ü 

< 
I 

o 
OS, 

!• 
CO 
LU 
< 


